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Abstract: The 1100-meter Big Room elevation level of Carlsbad Cavern, New Mexico USA, formed 
4 Ma by hypogenic sulfuric acid speleogenesis (SAS). The age of the Big Room level of 
4.0 ± 0.2 Ma was previously determined by dating alunite, a byproduct of speleogenesis, 
using the 40Ar/39Ar method. Duplication of these results is possible by radiometric dating of 
other byproducts interpreted to be speleogenetic (a byproduct of speleogenesis) such as 
calcite and dolomite in certain settings. XRD and TEM analyses of sample 94044, a piece of 
crust collected within the Big Room level of SAS just below Left Hand Tunnel indicate that 
this dolomite sample we interpret to be speleogenetic is as well-ordered crystallographically 
as the Permian bedrock dolomite, possibly reflecting its SAS origin. Three U-Pb analyses 
were performed on subsamples A1, A2, and A3 of sample 94044, and two, A1 & A2, 
produced out-of-secular equilibrium results due to the presence of authigenic quartz and/
or later re-distribution of uranium in the dolomite crust, which prevented the calculation of an 
isochron age. Because subsample 94044-A3 exhibited δ234U and 230Th/238U values consistent 
with secular equilibrium, we were able to generate a 238U/204Pb-206Pb/204Pb model age of 
4.1 ± 1.3 Ma on the dolomite crust (94044) that we interpret to be reliable. The 4.1 Ma age 
of the speleogenetic dolomite crust agrees with the 4 Ma 40Ar/39Ar age for the timing of 
speleogenesis of the Big Room level. While 40Ar/39Ar-dating of speleogenetic alunite- and 
jarosite-group minerals remains the primary way to determine absolute timing of hypogenic 
SAS, here we demonstrate that U-Pb dating of speleogenetic dolomite can be used to 
compliment or independently measure the timing of SAS. This method of dating SAS could be 
applicable in caves where the more soluble SAS-indicator minerals such as gypsum, alunite, 
and jarosite have been removed.
U-Pb dating, sulfuric acid speleogenesis, dolomite, XRD, TEM
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INTRODUCTION
Carlsbad Cavern, New Mexico USA, is a classic 
example of ‘fossil’ hypogene sulfuric acid speleogenesis 
(SAS). Carlsbad Cavern, along with other caves in the 
Guadalupe Mountains such as Lechuguilla Cave, is 
well-studied with respect to hypogenic SAS (Fig. 1; 
Hill, 1987; Polyak et al., 1998; Palmer & Palmer, 2000; 
Jagnow et al., 2000; Klimchouk, 2007; Kirkland, 
2014). This type of speleogenesis leaves behind 
mineral byproducts such as alunite, jarosite, gypsum, 
quartz, and dolomite (Polyak & Provencio, 2001). 
The advantage of this is obvious: these byproducts 
preserve direct evidence of speleogenesis. One of the 
byproducts, gypsum, was used to advance the concept 
of SAS (Hill, 1987). Another byproduct, alunite, was 
used to constrain the absolute timing of speleogenesis 
(Polyak et al., 1998), and define four major episodes 
of SAS in the Guadalupe Mountains area at 11, 6, 5, 
and 4 Ma. The 4 Ma episode of speleogenesis formed 
passages in Carlsbad Cavern at the Big Room level 
(Fig. 1). The 40Ar/39Ar method is ideal for dating alunite 
and jarosite, however, other dating methods may also 
be suitable for some of these byproducts. Here we test 
the U-Pb dating of dolomite crust that we interpret to 
be speleogenetic (a byproduct of speleogenesis) that 
formed at the 4 Ma Big Room level (~1100 meters 
elevation above sea level today).
Dolomite forms in caves as a secondary deposit 
in speleothems (Thrailkill, 1968; Fischbeck, R. & 
Müller, 1971; Barr-Matthews et al., 1991; Hill & Forti, 
1997; Martín-Pérez et al., 2012 and citations within). 
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Fig. 1. Line map profile of Carlsbad Cavern and photographs of crinkle crust typical of dolomite crusts interpreted to be speleogenetic 
in origin. These two photographed occurrences are in Left Hand Tunnel of Carlsbad Cavern near the area where sample 94044 was 
collected in 1994. The green circle is the area of collection. Two major levels of SAS are added to the profile. The Glacier Bay level is 
defined by results at this level from Glacier Bay in Lechuguilla Cave. Elevation in masp = meters above present sea level. Cave map 
was provided by Stan Allison and Carlsbad Caverns National Park.
Dolomite has also been reported as a speleogenetic 
byproduct in Guadalupe Mountains caves (Polyak 
& Provencio, 2001; Palmer & Palmer, 2012). 
Speleogenetic dolomite seems to most commonly 
occur as crusts (Figs. 1 & 2; indurated pastes, crinkle 
crusts, crusts with desiccation cracks). A piece of 
crust interpreted to be a byproduct of speleogenesis 
was collected from an area below Left Hand Tunnel 
at approximately the 4-Ma Big Room level of Carlsbad 
Cavern. The dolomite crust (sample 94044) was 
collected in 1994 for the purpose of studying cave 
dolomite occurrences and identifying a yellow mineral 
on its surface. The yellow mineral was identified as the 
hydrated uranium vanadate known as tyuyamunite. 
Fig. 2. Thin section of dolomite crust from Lechuguilla Cave (sample 94040). The base of this crust is interpreted to be primary 
speleogenetic dolomite and has a thickness of ~8 mm, equivalent to the micritized rims described by Palmer & Palmer (2012). 
The fibrous and botryoidal dolomite deposited on the primary crust is likely a later stage deposit similar to the evaporative 
phases described by Palmer & Palmer (2012). The arrows point to desiccation cracks. The entire crust is dolomite.
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The crust also contains authigenic quartz. Both, 
tyuyamunite and quartz make up the outer layers of 
the crust and probably precipitated after the dolomite 
formed. However, the quartz may have formed very 
soon after speleogenesis. An initial uranium (U)-
thorium (Th) analyses of a piece of sample 94044 
showed that this crust contained sufficient uranium 
for U-Pb dating and was in near-secular equilibrium 
of the radioactive decay of the 238U system. Given that 
the dolomite crust formed during SAS, if dateable by 
the U-Pb method, it should produce an age equivalent 
to the Big Room level of speleogenesis, which is 4 Ma. 
Richards et al. (1998) and Woodhead et al. (2006; 
2012) demonstrated that speleothem calcite and 
aragonite are dateable using the U-Pb dating method. 
Numerous studies since have corroborated their 
findings. Our results add further characterization 
of these dolomite crusts that are presumed to be 
speleogenetic using scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), 
and, U, Th, and Pb isotopic analyses. We propose 
that this new isotopic evidence provides another way 
in which the absolute timing of hypogenic SAS can 
be determined.
METHODS
SEM and optical petrography were used to examine 
the dolomite crust fragment. High-resolution TEM and 
XRD were used to examine the degree of crystallinity 
of the cave dolomite. Minerals were identified using 
XRD. For our isotopic study, sample 94044 was 
cleaned and broken in numerous pieces weighing 15 
to 50 mg in the University of New Mexico Radiogenic 
Isotope clean laboratory, three of which were selected 
for U-Pb dating. They were dissolved in 15N nitric 
acid and spiked with a 232Th-233U-236U-205Pb solution. 
Eichrom 1x8, 200-400 mesh chloride form anion 
resin chemistry was used to clean and separate U, 
Th, and Pb. The separates were analyzed on a Thermo 
Neptune multicollector inductively coupled plasma 
mass spectrometer. Standards used for fractionation 
control and gain values were NBL-112 for U runs, NBS-
981 for Pb runs, and an in-house 230Th/229Th solution 
for Th runs. PBDAT (Ludwig, 1991) was used to reduce 
the data. Our three subsample analyses did not form 
a U-Pb isochron age, which is the more traditional 
and robust way of reporting U-Pb ages (Richards et 
al. 1998; Woodhead et al. 2006; 2012). However, 
because of the high concentration of U relative to Pb, 
a more simple ‘model age’ method was used based 
on t = (1/λ)ln(((206Pb/204Pbmeasured – 206Pb/204Pbinitial)/
(238U/204Pbmeasured)) +1), where t = age in years and 
λ is the decay constant for 238U (Faure, 1986). The 
δ234U value = [(234U/238Umeasured)/(234U/238Ueq)-1] x 1000 
‰, where ratios are atomic ratios, eq = secular 
equilibrium, and ‰ = permil. An initial δ234U = 1500 
± 500 ‰ and an initial 206Pb/204Pb = 21 ± 2 were used 
in the 238U/204Pb - 206Pb/204Pb model age calculation 
and cover the expected range of values that come 
from measurements of speleothems in the Guadalupe 
Mountains (Polyak et al., 2001; 2004; Asmerom et al., 
2013; Decker et al., 2015; initial 206Pb/204Pb = 20.8 ± 1.9 
measured for Arthur and Margaret Palmer’s dolomite 
sample CB907, an indurated speleothemic dolomite 
paste from Lake of the Clouds, Carlsbad Cavern, 
unpublished). The 206Pb/204Pb was corrected for the 
initial δ234U value after Denniston et al. (2008). Errors 
reported for the model age are absolute 2σ analytical 
errors based on those reported for the measured 
ratios of 238U/204Pb and 206Pb/204Pb, initial δ234U, 
initial 206Pb/204Pb, and errors related to 238U and 235U 
decay constants published by Schoene et al. (2006). 
Decay constants for 234U and 230Th are from Cheng 
et al. (2013). 
RESULTS
XRD, SEM, and mineral assemblage results for 
dolomite crust
XRD of sample 94044 indicates the presence of 
dolomite, quartz, and traces of calcite. A trace of 
tyuyamunite was indicated by analyzing a few of the 
yellow crystals using a Gandolfi XRD camera, a single 
crystal device that can simulate powder diffraction 
results. Petrographic examination of sample 94044 
shows micro-quartz near the crust surface (Fig. 3), 
and densely crystalline dolomite near the base of the 
crust. The occurrence of quartz near the surface of 
the crust is similar to quartz described in replacement 
dolomite by Palmer and Palmer (2012; their Fig. 21). 
Figure 4 shows SEM images of tyuyamunite, dolomite 
Fig. 3. Photomicrographs taken with crossed polarized light showing 
authigenic quartz and porous dolomite at the top and more densely 
crystallized dolomite at the bottom of sample 94044.
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and quartz. The dolomite crust is porous in the middle 
and at the top near the contact with the quartz, and 
may be evidence that a soluble phase existed, such 
as gypsum, that has been since removed. Sample 
94044 dolomite crust is likely a H2SO4-micritized rind 
described by Palmer & Palmer (2012) that formed 
between the bedrock and speleogenetic gypsum 
rind during speleogenesis. Our XRD results show 
that the speleogenetic dolomite is as well-ordered 
crystallographically as the Permian bedrock dolomite 
(Fig. 5), which is an unexpected finding for low 
temperature-formed non-marine dolomite, and may 
reflect its SAS-related origin. 
Microstructural observations
The superstructure of the dolomite lattice is based 
on comparison to the non-superstructure calcite 
lattice and is clearly exemplified by XRD powder 
patterns of northesite [BaMg(CO3)2] (Lippmann, 
1973). Alternating Ca and Mg cation layers along the 
c-direction produces the superstructure of dolomite. 
Dislocations, defects, excess Ca, changes in the 
alternating sequence of the cation layers, or non-
perfect orientations of the CO3 ions in the dolomite 
structure can produce microstructural disorder, 
which in turn produces contrast in intensity of high 
resolution TEM images (Gunderson & Wenk, 1981; 
Wenk et al., 1983, 1991; Van Tendeloo et al., 1985). 
These are referred to as modulated microstructure 
in crystals. The microstructural disorder, when 
periodic, produces modulations of contrast in the TEM 
images. Modulated microstructures can be highly 
Fig. 4. SEM images of authigenic quart and dolomite (top) 
and authigenic quartz and tyuyamunite plates (bottom) 
near the top of 94044 dolomite crust.
Fig. 5. A) An XRD expression of the crystallinity of the dolomite can 
be determined by measuring the order ratio, the intensity of the [015] 
divided by the intensity of the [110]. The crust dolomite we consider 
speleogenetic and bedrock dolomite order ratios are similar. A sample 
of dolomite we interpret to be speleothemic rather than speleogenetic 
has significantly lower values than speleogenetic dolomite; B) Unit-
cell dimensions measured for the speleogenetic dolomite are slightly 
calcian (50.3 to 52.0 mole% CaCO3), and are the same as the 
bedrock dolomite.
ordered and produce Moiré fringes (parallel dark/light 
contrast), or they can form less-defined two- or three-
dimensional patterns of light/dark contrast. HRTEM 
imaging shows these periodic changes in the lattice 
fringe pattern at a nanoscale.
Moiré fringes and other intensity modulations 
were observed in samples 94036 (interpreted to be 
a speleogenetic dolomite crust from Lechuguilla 
Cave) and 94044 (Fig. 6). Continuous nanoscale 
modulations were observed in the high resolution 
TEM lattice fringe images of sample 94036 indicating 
probable periodic disorder in three dimensions. In 
contrast, sample 92006, speleothemic dolomite from 
Spider Cave, Carlsbad Caverns National Park, showed 
fewer modulations, and we interpret this as indicating 
scarcely isolated nanoscale regions of coherent 
superlattice. Therefore, the dolomite structure of 
sample 92006 has more disorder with respect to 
Mg and Ca cation layers. This is supported by the 
XRD data, which show very weak superstructure in 
sample 92006 dolomite, and moderately well-
developed dolomite superstructure in the dolomite 
of samples 94036 and 94044. Samples 94036 and 
94044 seem to show modulated microstructures 
that are typical for moderately well-ordered calcian 
dolomites. TEM results hint that crusts 94036 and 
94044 are not typical of speleothemic dolomite, 
and like the XRD results, show microstructure 
similar to the bedrock dolomite. These observations 
are subtle, but show that the crusts that we are 
interpreting as speleogenetic have a well-ordered 
microstructure similar to the Permian bedrock 
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Fig. 6. High-resolution TEM micrographs of three cave dolomite 
samples. A) Modulations of intensity related to modulated microstructure 
in the dolomite of sample 94036, a speleogenetic dolomite; B) Fast 
fourier transform of (A) may provide a different look at the modulated 
microstructure by removing interference intensities. Note the apparent 
dislocation in the circled region; C) Micrograph of sample 94044 
showing modulated microstructure, an indicator of moderately well-
ordered calcian dolomite; D) Micrograph of sample 92006 showing 
slightly fewer intensity modulations consistent with its lower XRD-
derived order ratio (Fig. 5) and its less well-ordered structure.
dolomite, which likely reflects on the SAS-related 
origin of the crust.
U-Th-Pb isotope results
Our first U-series analysis showed that sample 
94044 contains 64 μg/g U, and that the dolomite 
is in secular equilibrium (δ234U = -5 ± 7 ‰; 
230Th/238U = 0.99 ± 0.02) and too old for U-series 
dating. Table 1 shows the results of the three 
subsample U-Pb analyses. The three sets of results 
did not form an U-Pb isochron age, and two 
analyses, subsamples 94044-A1 and –A2, show 
distinct δ234U evidence for some type of alteration/
diagenesis. All three subsample analyses provided 
230Th/238U ratios equal to 1.0 (secular equilibrium) 
and show that the crust has probably been 
unaltered for at least the last 600 ka, or 
that alteration/diagenesis were subtle. One 
analysis, 94044-A3, shows secular equilibrium 
for both δ234U (-0.8 ± 1.0 ‰) and 230Th/238U 
(1.001 ± 0.005). A 238U/204Pb-206Pb/204Pb model age 
was calculated for each subsample. The model ages 
decreased with more negative δ234U values and 
varied from 4.1 to 0.7 Ma, with A1 & A2 yielding 
model ages of 0.7 ± 0.4 Ma and 1.7 ± 0.7 Ma, 
respectively. The most reliable model age, based 
on secular equilibrium of δ234U and 230Th/238U, is 
4.1 ± 1.3 Ma (2σ). 
Sub-Sample 238U (μg/g) 232Th (ng/g) Pb (μg/g) δ234Umeas
A1 65.06 ± 0.12 3.48 ± 0.14 0.150 ± 0.027 -7.56 ± 0.99
A2 70.68 ± 0.09 305.47 ± 13.04 0.362 ± 0.091 -2.30 ± 1.00
A3 61.43 ± 0.14 65.06 ± 0.12 0.617 ± 0.153 -0.77 ± 1.00
Sub-Sample 230Th/238U 238U/204Pb 206Pb/204Pb Model Age (Ma)
A1 0.992 ± 0.013 29517.0 ± 0.4 24.34 ± 0.18 0.73 ± 0.44
A2 1.000 ± 0.008 13077.0 ± 0.2 24.56 ± 0.15 1.76 ± 0.72
A3 1.001 ± 0.005 6698.1 ± 0.3 25.22 ± 0.18 4.06 ± 1.25
All errors are absolute 2σ except for errors of 238U/204Pb and 206Pb/204Pb, which are 2σ percent. The 206Pb/204Pb is 
adjusted for an initial δ234U of 1500 ± 500 ‰. The model ages are 238U/204Pb-206Pb/204Pb ages. 
Table 1. U, Th, and Pb data for sample 94044 A1, A2, and A3.
DISCUSSION
The trend in Fig. 7 distinctly shows anomalously 
younger ages in the two subsamples that are interpreted 
from their negative δ234U values to be altered. 
The trend suggests that U has probably migrated 
in parts of the crust after the crust formed, and/or 
that quartz as a second phase and perhaps younger 
than the dolomite, was present in subsamples A1 
and A2, and has altered the pristine dolomite crust 
and interfered with measurement of an accurate 
dolomite U-Pb age. The negative δ234U values in the 
two subsamples suggest that some U was removed 
from those sites, and perhaps precipitated as 
tyuyamunite on the surface of the dolomite crust with 
quartz long after speleogenesis. A quartz phase also 
may not have fully dissolved in the nitric treatment 
and/or may have a younger formation age than the 
dolomite, which may have interfered with the isotope 
system. Later-stage evaporative deposits of dolomite 
and quartz on speleogenetic dolomite rinds are clearly 
identified by Palmer & Palmer (2012). An isochron age 
will require further analyses of additional pieces that 
do not contain quartz. 
At least three possible dolomite types exist in the 
sulfuric acid caves of the Guadalupe Mountains. 
Dolomite in the host rock, dolomite in speleothems, 
and dolomite as a speleogenetic byproduct. The host 
rock is Permian in age, and in the case of Left Hand 
Tunnel, it is probably reef limestone (as in Palmer & 
Palmer, 2012, their Fig. 11) rather than dolostone. 
Based on provenance, and XRD and TEM results, 
we interpret sample 94044 to be a speleogenetic 
dolomite crust. Regardless, the U-Pb age of crust 
that contains host rock dolomite will produce an 
anomalously high age, millions of years older than 
the period of speleogenesis and up to the age of the 
Permian limestone, ~265 Ma. Speleothemic dolomite 
will yield ages less than the age of speleogenesis . Our 
U-Pb model age of 4 Ma for the dolomite crust that we 
have interpreted to be speleogenetic strongly supports 
our interpretation and provides additional insight 
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Fig. 7. Graph showing 238U-206Pb model ages from three subsamples 
of sample 94044 relative to the measured δ234U values for those 
subsamples. One subsample, 94044-A3, in secular equilibrium, 
produces a model age of 4.1 ± 1.3 Ma, consistent with the argon-age 
of 4 Ma for the Big Room level. The other two subsample results 
show evidence of alteration and produce seemingly anomalously 
young ages. The subsample 94044-A3 results support that the 
dolomite is primary speleogenetic.
into the process of SAS. The XRD and TEM results 
provide a further characterization of these crusts. 
As Palmer & Palmer (2012, their Figs. 11 & 12) have 
described, micritized rinds of dolomite and calcite 
form during SAS. The active sulfuric acid cave, Cueva 
de Villa Luz, Mexico, has a gypsum and anhydrite 
rind covering the bedrock, and the micritized calcite/
dolomite rind forms between the sulfate rind and the 
bedrock (Palmer & Palmer, 2012, their Fig. 12). This 
is a likely analog for the fossil sulfuric acid caves such 
as Carlsbad Cavern. In many cases, over millions of 
years, the more soluble sulfate rind is removed, leaving 
a dolomite/calcite rind on the surface of the bedrock 
such as exemplified by sample 94044. The crinkle 
morphology and desiccation cracks in these crusts 
suggest that in many cases they formed as pastes 
as Palmer and Palmer (2012) have described. Once 
characterized, a benefit of speleogenetic dolomite is 
that it might survive longer than the speleogenetic 
sulfate minerals. For example, sulfuric acid caves 
in the Guadalupe Mountains that no longer contain 
alunite might have dateable speleogenetic dolomite 
crusts that can be used to determine the timing of 
speleogenesis of those caves. 
CONCLUSION
Dolomite crust (sample 94044) from Carlsbad Cavern 
interpreted to be speleogenetic was characterized 
using XRD, SEM, TEM, and U, Th, Pb isotopic 
analyses. XRD and TEM show that this dolomite is 
as well-ordered crystallographically as the Permian 
bedrock dolomite. While the U, Th, Pb isotopic results 
were complicated by presence of authigenic quartz 
and/or post-depositional migration of U, one of three 
subsample analyses, subsample 94044-A3 yielded a 
δ234U = -0.8 ± 1.0 ‰ and 230Th/238U = 1.001 ± 0.005, 
showing that this subsample is likely well-preserved. 
The 238U-204Pb model age of 94044-A3 is 4.1 ± 1.3 Ma, 
which is consistent with the 40Ar/39Ar alunite age of 
4.0 ± 0.2 Ma for the Big Room level. Our results show 
that it is possible to determine the absolute timing 
of hypogene SAS by U-Pb dating of speleogenetic 
dolomite. This is particularly applicable to SAS caves 
that no longer contain the sulfate byproduct alunite. 
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Abstract: Siliceous, opal-A speleothems of the Chimalacatepec lava tube system in central Mexico are 
characterized here for the first time. Morphologically, they can be classified into cylindrical 
and planar, and display a wide array of shapes, inner textures, and locations within the lava 
tube. All speleothems analyzed here are composed of opal-A, and their pores are filled with 
calcite and monohydrocalcite. Microscopic examination reveals a variety of microbial-looking, 
silicified filaments and cell casts embedded within the micro lamination of the structures. 
The abundance of biofilms in the Chimalacatepec lava tube may share similarities with other 
volcanic caves elsewhere. The direct presence of such bimorphs in the microstructure of the 
speleothems suggests the biological mediation of these structures. Potential mechanisms 
include nucleation and sorption of silica on extracellular polymeric substances in the biofilms 
that, along with the SiO2 saturation in the water film and evaporative effects, result in the 
formation of a speleothem. That said, the presence of microbes in these and other cave 
systems, or their inevitable interactions with the mineral phase of the speleothems, should 
not be surprising. In view of this, these structures can be most accurately described as 
biospeleothems. This study contributes to our understanding of the diversity of such structures 
in these types of cave systems and our ability to recognize the presence of microbes in these.
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INTRODUCTION
Developing downhill from active volcanoes - 
generally along the fastest flow of the lava extrusion 
–lava tubes retain the architecture of empty tube 
systems, which normally consists of a main tube with 
distributary tubes and other cavities (Greeley & Hyde, 
1972). During the first stages of lava tube formation, 
high-pressure heated fluids extruded from the tube 
walls cool down to form solid-rock lava formations 
throughout the inner walls (e.g., Allred & Allred, 
1998). Speleothems, which are also common on cave 
walls, develop differently, through the precipitation 
of secondary minerals. In the case of volcanic caves, 
these minerals are mainly amorphous silicates 
(opaline silica), although siliceous speleothems also 
develop in other type of caves, including doleritic 
(Sallstedt et al., 2014), granitic, and quartzitic caves 
(e.g., Urbani, 1976; Webb & Finlayson, 1984; Wray, 
1999; Léveillé et al., 2000; Willems et al., 2002; Forti 
et al., 2003; Forti, 2005; Aubrecht et al., 2008; Woo 
et al., 2008; Miller et al., 2012, 2014; Vidal-Romaní et 
al., 2010, 2015). Evidently, speleothem composition 
depends on the composition of the rocks in which 
caves develop.
Though the literature has made increasing emphasis 
on the presence of microbes in all cave types and it 
appears likely that these play an important role in 
speleothem development and preservation (Léveillé 
& Datta, 2010; Northup et al., 2011 and references 
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therein), the potential role of microbes in the 
morphological and compositional development of such 
structures (through the preferential accumulation 
of metals within a homogeneous mineral matrix) 
has only recently been considered (Allred & Allred, 
1998; Kempe, 2011), following the realization that 
microbes are ubiquitous in cave environments and 
can be responsible for much of the authigenic mineral 
formation/precipitation found in lava caves (Northup 
et al., 2011). When the deposition and morphological 
expression of speleothems are microbially mediated, 
the latter are known as biospeleothems (Aubrecht 
et al., 2008). A variety of such biospeleothems are 
known through the study of lava tubes and volcanic 
caves (Halliday, 1994; Leveille et al., 2000; Forti et al., 
2003; Woo et al., 2008; Northup et al., 2011; Daza-
Brunet & Bustillo-Revuelta, 2014; Miller et al., 2014). 
The role microbes play in the development of 
speleothems is but one example of the broad range 
of microbe-mineral interactions that take place in 
underground environments, only recently recognized 
as sources of information for a broad variety of 
disciplines, including metalogeny and mineralogical 
exploration (e.g., Onac & Forti, 2011), paleontology 
(Rasmussen et al., 2009), and astrobiology (Boston et 
al., 2001). As an example, speleothems formed within 
lava tubes reported in the literature from different 
localities, are potential repositories of paleoclimatic 
data. Recorded in their mineral structure and 
geochemistry, this data provides an alternative to that 
offered by carbonate speleothems (Lundberg et al., 
2010). Thus, if paleoenvironmental reconstructions 
are to be made on the basis of these speleothems, 
prior understanding of the processes associated with 
their formation is required.
Here, we describe siliceous speleothems found in 
different areas of the inner tube and walls of lava tubes 
in central Mexico, and suggest that these developed 
through mineral precipitation in close association 
with microbial biofilms, caused by water flow and 
humidity on the ceiling and walls of the lava tubes. We 
propose that similar structures in lava caves around 
the world should be identified as biospeleothems. 
METHODS
Sampling site
The Chimalacatepec lava tube system (Espinasa-
Pereña, 2006) runs down the south slope of the Suchiooc 
Volcano, one the ~200 basaltic-andesitic (calc-alkaline) 
cones that formed in the Holocene, less than 5000 
years BP (Siebe et al., 2004) in the Chichinautzin 
volcanic field, near the town of San Juan Tlacotenco 
in central Mexico (Fig. 1). A total of 2.8 km of this lava 
tube system was mapped by Espinasa-Pereña (2006) 
and described as a master, canyon-shaped tube (tall 
and narrow; Fig. 2A) divided into 2 to 4 superposed 
cylindrical tubes (Fig. 2B), most with collapsed walls 
and top entrances (Figs. 1, 2C). Rugged wall sand lava 
formations, such as branched forms (Fig. 2D), primary 
cavities, wrinkles, and pinnacles are found throughout 
the system. Many tube systems in the Chichinautzin 
field remain unmapped.
Sampling and analysis
Siliceous speleothems were sampled along the 
Chimalacatepec system using small chisels and 
hammers. Small (representative) samples were 
collected to avoid cave deterioration. Water drips were 
collected from rock infiltrations using a syringe. pH 
and temperature measurements were made on site 
and samples sent out  to the water analysis facility at 
the Geophysics Institute of the Universidad Nacional 
Autónoma de México (UNAM) for analysis of major 
and minor elements. Water samples were transported 
in dark bottles in ice and refrigerated at 4°C in the 
laboratory for further analysis. 
For mineralogy tests, samples were ground to 
<75 μm using an agate pestle and mortar and 
mounted in aluminum holders for X-ray powder 
diffraction (XRD) analysis. Measurements were made 
using a Shimadzu XRD-6000 diffractometer operating 
with an accelerating voltage of 40kV and a filament 
current of 30mA, using CuKα radiation and a graphite 
monochromator. All samples were measured over a 
2θ angle range of 2-70° at a speed of 1°2θ/min.
Morphological (see Vidal-Romaní et al., 2010, 2015) 
and genetic criteria (Hill & Forti, 1995) were used 
for speleothem classification. Speleothem samples 
were axially and transversally cut and observed on 
a petrographic microscope with transmitted and 
polarized light. Representative thin-sections were 
stained with Alizarine Red for carbonate identification. 
Small fragments of speleothems were fresh fractured 
and etched with 3% hydrofluoric acid to expose 
structures within the speleothem microfabric, then 
sputtered coated with a gold film and observed on a 
JEOL 6300 Scanning Electron Microscope (Geology 
Institute, UNAM) at high vacuum in a range of 
5-15 kV, equipped with a Bruker XFlash 4010 
Electron Dispersive X-Ray detector. 
RESULTS
Morphological characterization of the speleothems
All Chimalacatepec speleothems were composed of 
amorphous opal-A and separated by morphology into 
cylindrical and planar speleothems (see criteria for 
terminology in Vidal-Romaní et al., 2010, 2015). 
Cylindrical speleothems
Cylindrical speleothems occurred in places 
with vertical to near-vertical water infiltration 
(flowing and non-flowing water films, usually with 
constant dripping) and exhibited a prominent 
positive relief. These were sub-divided based on 
morphology into:
• Opal-A straw stalactites (Fig. 3A). Thin and 
tubular structures hanging upside down and 
measuring 2 to 10 cm in length and 5 to 7 mm 
in diameter. They are hollow with an open end, 
associated with dripping water, mainly along 
fractures (Fig. 3B), and grow at the end of lava 
formations (Fig. 3C).
• Opal-A stalactites (Fig. 3D, E). These were 
associated with water dripping and exhibited 
conical or tooth-shaped structures. They are 
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Fig. 1. Geographical location and underground structure of the studied Chimalacatepec lava tube.
Fig. 2. Main characteristics of the Chimalacatepec lava tube. A) Canyon shape conduits; B) Superposed conduits; C) Wall and ceiling collapses; 
D) Lava formations resembling coralloids, and other frequent structures similar to stalactites and stalagmites.
less frequent than straw stalactites. Other 
speleothems resembling eccentric stalactites 
and anemolites (Fig. 3F, G) were common on the 
ceiling and on the walls, and were grouped here 
with stalactites due to their close relationship to 
water dripping processes. 
• Opal-A branched forms (Fig. 3H). Bush-like 
structures displaying arborescent (multi-
furcated) growth and internal concentric micro-
lamination. These speleothems display diverse 
forms and shapes. They may vary in size 
dramatically, from a few millimeters to ~5 cm, 
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but have a cylindrical base 
and branching structures in 
common. The most common 
are arborescent structures that 
are found hanging on ceilings 
and protruding from walls. 
Kidney-shape morphologies 
are also frequent (Fig. 4A). 
Branched forms are usually 
covered by a thin water film 
and exposed to splashing 
water, but are not directly 
related to water dripping 
processes (Vidal Romaní et 
al., 2010, 2015). Branched 
forms are closely related to 
distinctive yellow and white 
biofilms, sometimes consisting 
of 1.5 cm-thick mats of 
organic matter (Fig. 4B), 
similar to cave microbial mats 
described elsewhere (Northup 
et al., 2011; Hathaway et 
al., 2014). The relationship 
between these formations still 
remains unclear.
Planar speleothems
Formed from laminar water flows 
(Vidal Romaní et al., 2010, 2015), 
planar speleothems display a wavy 
relief and are divided by a grid of 
small depressions or microgours 
formed by water circulation (Vidal 
Romaní et al.,1998, 2010, 2015). 
Planar speleothems are divided 
into the following groups:
• Opal-A flowstones (Fig. 4C-E). 
These structures form a 
continuous cover on rock 
surfaces, and are only incipient 
in the Chimalacatepec lava 
tubes. They occur on the floor 
and walls, directly under the 
influence of dripping and 
flowing water (Fig. 4C), as well 
as in small ponds accumulated in depressions of 
the lava flow (Fig. 4D, E). 
• Opal-A microgours (Fig. 4F). These appear in 
subvertical surfaces of 10 to 15 degrees (Fig. 4F) 
and are similar to those observed in granite caves 
as accumulations of grain mineral clasts with 
linear and sinuous development (Vidal-Romaní 
et al.,2015), acting as temporary water traps.
• Opal-A terrestrial stromatolites (Fig. 5A-C). 
These structures occur on a near horizontal 
surface with no visible influence of either 
flowing or dripping water. This suggests that 
the necessary water might have been provided 
by condensation from the cave atmosphere 
(Vidal Romani et al., 2015) and probably water 
splash. Their relationship to actual biofilm 
(Fig. 4B), now under study, may explain their growth 
Fig. 3. Main morphologies of the cylindrical opal-A speleothems. A) Straw stalactites; B) Straw 
stalactites aligned along a fracture system. The fracture system provides enough water for 
speleothem growth; C) Opal-A speleothems growing on lava formations; D, E) Opal-A stalactites 
with conical or tooth-shaped mineral developments; F) Siliceous speleothem resembling an 
eccentric stalactite; G) Siliceous speleothems displaying anemolite-like shapes; H) Opal-A 
branched form.
inside wet bacterial mats. These speleothems 
present two main morphologies: botryoidal and 
cookie-like shapes (Fig. 5A). Cross sections of 
cookie-like structures (Fig. 5B) display terrestrial 
stromatolitic lamination (Fig. 5C) at the base and 
top. The center is usually porous, and micro-
stromatolitic growth (<1 cm in diameter) perches 
through the different laminar crusts, reaching the 
top of the structure to form small knobs (Fig. 5C). 
Speleothem fabrics and mineralogy 
The speleothems studied are composed mainly 
of opal-A and present porous spaces that have 
been infilled with carbonate cements through a 
secondary process. (Fig. 6). That said, the diversity 
of textures revealed by thin section analysis allowed 
for the separation of the two main morphologies 
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Fig. 4. Major morphologies of cylindrical and planar biospeleothems. A) Kidney-shaped speleothem on the lava 
tube wall; B) Yellow biofilms, sometimes cm-thick mats of organic matter covering lava cave walls and containing 
spherical water drops at the surface, conferring a beautiful gold shine to the surfaces; C) Opal-A flowstones;  
D, E) Opal-A flowstones in small ponds formed in depressions of the lava flow; F) Opal-A microgour.
Fig. 5. Morphology and internal structure of terrestrial stromatolites. A) Two main morphologies, botryoidal and cookie-like shapes, 
coexist in a small area; B) Detail of the cookie-like shape exterior morphology with serrated margin; C) Internal structure of a cookie-
like stromatolitic grow. The ‘A’ arrow points to a fine wavy lamination and the ‘B’ arrow points to the micro-stromatolitic growth.
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(branched forms and terrestrial stromatolites) and 
suggest a slightly different genetic process. The two 
morphologies were therefore studied separately.
Branched structures 
Branched structures display micrometric lamination 
in cross section (Fig. 7). Petrographic analyses reveal 
different zones of mineral growth (Fig. 7A). From base 
to top, these are:
A) Solid opal-A clear to cloudy (Fig. 7A, A arrow). 
Varies from translucent to gray in color. The 
Fig. 6. XRD spectrum of the cylindrical speleothems. Mnhca: Monohydrocalcite, Tri: Tridimite, 
Ca: Calcite: Op: Opal-A. Full Width at Half Maximum (FWHM) = 7.7
conform domes with wavy lamination, typical of 
stromatolitic grow (Fig. 7E). 
C) Porous-vesicle zone. Only present where parallel 
crusts sandwich the interspaces of columnar 
micro-stromatolites and is characterized 
by abundant pores that are sometimes 
interconnected (Fig. 7F).
D) Dendritic-arborescent zone. Composed of small, 
dark, peloid-like particles forming a dendritic-
arborescent pattern or lumps cemented by 
opal-A, obliterating primary porosity (Fig. 7G).
Fig. 7. Petrographic thin sections of the cylindrical 
speleothems. A) Differentiation into A, B, C, D zones 
(arrows) according to their petrographic fabrics; B, 
C) Microbial ooids in plane (B) and cross polarization 
(C). These microbial ooids correspond to the A zone; 
D, E) Dense opal of the B zone; F) Porous-vesicle 
zone; G) Peloidal Zone. Dark microbial peloids are 
seen arranged in parallel lamination and in a dendritic 
pattern; H-L) Calcite crystal habits; H) Blade spar 
and fibrous calcite cement; I-L) Alizarin stained areas 
showing calcite in red; I, J) Dog tooth calcite cement; 
K) Meniscus and drusy calcite cement; L) Euhedral 
calcite crystals. All scale bars are 150 µm in length.
Some porous zones of the internal 
structure of the speleothems display 
a variety of calcite crystals in blade 
spar cement (Fig. 7H), fibrous growth 
(Fig. 7I), dogteeth shapes (Fig. 7J), 
meniscus and drusy habits (Fig. 7K), 
and euhedral crystals (Fig. 7L). Alizarin 
staining (i.e., Fig. 7I-L) reveals carbonate 
cements infilling porous spaces and 
coating internal voids.
Terrestrial stromatolites
Based on XRD analysis, the 
terrestrial stromatolites show even 
more amorphous mineral phases 
than branched forms (Fig. 8). Their 
mineralogical composition is similar 
to that of branched forms, except for 
the absence of monohydrocalcite. 
Part of the micro-stromatolitic growth 
(Fig. 9A, B) displays solid opal-A 
laminations with no obvious porosity, 
often with a clotted-brecciated texture 
(Fig. 9C). Small sub-spherical structures 
main area is non-laminated and 
non-porous, but micro-lamination 
or cryptic lamination is observed in 
small areas. Microbial ooids up to 
750 µm in size are also seen in some 
samples (Fig. 7B, C). The nuclei of 
microbial ooids are generally small 
particles of basalt derived from the 
cave rock.  
B) Micro-laminated opal-A (Fig. 7A, B 
arrow). This area is characterized 
by thin lamination varying in 
color from translucent to brown 
(Fig. 7D, E). Lamination is mainly 
parallel to the lower base and 
follows the irregularities of the basal 
part. In some parts, these laminas 
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similar to those described by Aubrecht et al. (2008) 
as organic structures (Fig. 9D) are present within the 
lamination. Opal-A ooids (Fig. 9E, F) are scarce. Thin-
crust lamination alternates with zones having abundant 
peloids (Fig. 9G) arranged as thrombolitic (clotted) 
(Fig. 9G, A arrow) and dendrolitic fabrics (Fig. 9G, 
B-arrow), and is very similar to those described for 
branched forms (D zone). Calcium carbonate appears 
to infill porous spaces in a way similar to that observed 
in branched forms (Fig. 9H, I).
Scanning electron microscopy and 
hidrogeochemistry results
SEM analyses reveal interesting aspects of the 
speleothem textures and composition (Fig. 10A-C). 
The porous zone exhibits a complex tridimensional 
structure of interconnected pores (Fig. 10D) typical of 
biofilm layers. The surfaces of branched forms display 
a lumpy texture or complex structures resulting from 
the growth of stromatolitic domes (Fig. 10E). 
Branched forms exhibit a complex structure composed 
of abundant opal-A nanospheres (Fig. 10F-H) in a 
distinctive arrangement and with slight differences in 
chemical composition. Monohydrocalcite infills some 
pores. Electron Dispersive Spectroscopy (EDS) analyses 
of these arrangements are shown in Table 1.
Fig. 8. X-ray diffractogram spectra of planar speleothems showing low 
crystallinity in minerals: Tri: Tridimite, Ca: Calcite: Op: Opal-A. Full 
Width at Half Maximum (FWHM) = 7.9.
Fig. 9. Planar speleothems in thin sections. A, B) Microstromatolitic growth; C) Clotted-brecciate texture; D) Circular structures probably caused by 
biogenic activity; E, F) Siliceous microbial ooids under plane polarization (E) and cross polarization (F); G) Peloidal zone with thrombolitic (clotted) 
fabric (A arrow) and dendrolitic growth (B arrow); H) Calcite growth in porous zones; I) Alizarin staining showing porous calcite infilling. All scale 
bars are 150 µm in length.
We can observe numerous microbial-like filaments 
encrusted in opal-A (Fig. 10I) in both branched 
forms and terrestrial stromatolites. These filaments 
appear as a microbial mat or biofilm that developed 
as stacked layers with very thin lamination 
(Fig. 10J-L). Abundant silicified cell casts or parts 
of organisms up to 20 µm in size are also present 
(Fig. 10M-O). Even when morphologies resemble organic 
structures it is very difficult to associate them to a 
specific organism.
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Fig. 10. Microscopic features of siliceous speleothems. A, B, C) Details of the zones described in the petrographic 
analysis. Arrows indicate the different zone distribution with the same nomenclature for those described in Fig. 7;  
D) Porous zone formed by the biofilm EPS stretching out between layers of opal spheres; E) Structures in the surface 
of branching forms resembling lumpy texture or complex structures of stromatolitic grow; F, G) Two different growth 
stages of the speleothems. The Opal-A nanospheres with high porosity are covered with a less porous layer or biofilm. 
This succession can reflect a change between dry and humid periods. See text for explanation. Arrows indicate the 
positions for EDS analysis; H) Calcite and monohydrocalcite infilling porous zones. Mhnca: monohydrocalcite. Arrow 
shows the position of the EDS target; I) Numerous silicified filaments and EPS remains; J, K, L) Microbial biofilms;  
M) Cell cast; N) Group of silicified cell casts; O) Magnification of figure N.
A chemical analysis of the water drip in the area 
speleothems were sampled (see Fig. 1 for location) 
reveals high concentrations of SiO2 and Mg2+ and low 
concentrations of other elements (Table 2).  
Compound 
Formula
Compound 
Wt %EDS 1
Compound Wt 
% EDS 2
Compound 
Wt % EDS 3
SiO2 55.29 66.7 4
TiO2 0.14 0.14 0.18
Al2 O3 0.71 0.49 1.31
MgO 2.06 1.23 1.02
MnO 0.53 0 0
CaO 16.09 0.64 37.66
K2O 0.06 0 0
Na2O 0 0.02 0.02
Fe2O3 0 0 0.39
CO2 25.12 30.77 55.44
Table 1. EDS results on speleothems. Location of analyzed points are 
shown in Fig. 10G, H.
Parameter Value, concentration (mg.l-1)
pH 6.71
SiO2 22.7
Ca2+ 4.8
Mg2+ 26.2
Na+ 6
K+ 2.4
Table 2. Chemical composition of water drips in the studied lava tube.
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DISCUSSION
The internal structures of the Chimalacatepec 
speleothems present some similarities to those 
previously described from other non-carbonate caves 
(Léveillé et al., 2000; Aubrecht et al., 2008; Woo et 
al., 2008; Vidal-Romaní et al., 2010, 2015; Miller 
et al., 2012, 2014; Daza et al., 2014). Their genesis 
encompasses at least two major stages of development: 
the first stage is associated with the precipitation of 
opal-A, whereas the second involves the precipitation 
of monohydrocalcite and calcite. We are able to 
identify these two stages because the minerals are 
clearly separated (as seen in thin sections), with calcite 
appearing as secondary cement infilling pores and 
opal-A conforming the main sedimentary structures 
(Fig. 7H-L and Fig. 9H, I). 
One possible explanation could be related with 
succession of wet-dry periods. Opal-A ooids (Fig. 7B, C; 
Fig. 9E, F) and brecciate texture records (Fig. 9C) are 
evidences suggesting variations in the volume in the 
biofilm by desiccation and rehydration. Though not 
considered in the present study, the record of ooids 
in this type of environment seems to be closely related 
to pedogenetic ooids described in calcic soils (Robin 
et al., 2015). For these structures to form, periods in 
which the increase of porosity allows the coating of 
small particles to form a three-dimensional layered 
structure are required. The brecciate textures can also 
be explained by periods in which the desiccation of 
mats allow the formation of cracks that are cemented 
and covered by opal-A during wet period. 
During wet periods, the biofilm receives a constant 
supply of SiO2-saturated water that circulates 
throughout the fissure network system. This provides 
a stable physicochemical environment that prevents 
significant changes in the pH of the solution, favoring 
the precipitation of silica within the extracellular 
polymeric substances (EPS). In contrast, during the 
dry periods, the amount of percolating water is limited, 
which may facilitate the evaporation of the surficial 
water film (with subsequent saturation), increasing the 
biofilm porosity and allowing pH changes in microsites 
within the EPS caused by bacterial CO2 consumption.
The fact Mg2+ concentrations are considerably higher 
than those of Ca2+ (6:1) in water chemistry (Table 2) 
is probably a consequence of the dissolution of mafic 
Mg-bearing minerals such as amphiboles, pyroxenes, 
and olivines, all typical for basalts.
We explain calcite precipitation as a direct 
relationship that exists between seasonal conditions 
(dry-wet periods) and biological action. In soils, the 
oxidation of organic matter and biological activity of 
plants and microorganisms favor the production of 
CO2 and HCO3-. Also soil allow the interaction of basalt 
minerals with organic acids increasing the velocity of 
dissolution of silica (Bennett et al., 1988; Bennett, 1991).
Once entering the cave, silica from SiO2-saturated 
solutions can precipitate due to super-saturation of 
thin water films aided by bacterial EPS. Orange et 
al. (2013) experimentally demonstrated that non-
biologically mediated silica precipitation produces 
a dense matrix, due to the continuous infilling of 
porous structures by silica, but in the presence of 
the cyanobacterium Synechococcus elongates, silica 
precipitated in the EPS to conform a disorganized and 
porous sinter. Sinters collected by Orange et al. (2013) 
present some similarities with the opal-A speleothems 
studied in the present work. The occurrence of 
different zones (A through D, see Fig. 7A) in studied 
opal-A speleothems can be correlated with the 
presence or abundance of different microorganisms 
(yet to be identified). Thus, the occurrence of Zone 
A (solid opal-A) can be largely justified by in organic 
precipitation of opal-A, whereas zones B, C, and D 
are very similar to those described by Orange et al. 
(2013). These are influenced by microorganisms such 
as chemolithotrophic bacteria within pores, whose 
CO2 consumption activity results in higher pH, 
allowing for the precipitation of CaCO3.
As the source of the silicon and calcium found in 
the samples collected at the Chimalacatepec lava tube 
system is exclusively basaltic rock, we have proposed 
three main stages of development, based on the 
SiO2-CaCO3 relationship and microbial activity. 
First stage
In the first stage, silica plays the main role. The release 
of silica from the rock is owed to rock alteration (Forti, 
2005) caused by the weathering of silicate minerals 
within the basaltic lava, favored by interaction with 
organic acids (Bennett et al., 1988; Bennett, 1991). 
In both planar and cylindrical speleothems this 
deposition stage is correlated with dense opaline 
zones (Zone A in Fig. 5A). The initial deposition of 
opal-A could be due to inorganic precipitation of silica 
from thin water films in lava cave walls. The presence 
of ooids and brecciate textures in this stage suggests 
a change in cave environment from wet to dry and 
perhaps incipient microbial action.
Second stage
This stage is clearly mediated by biological processes. 
Terrestrial stromatolites display certain similarities to 
those described by Aubrecht et al. (2008) and Vidal-
Romani et al. (2015), and reveal an important biogenic 
contribution to speleothem growth. 
Third stage
The third phase is related to carbonate infilling 
of voids and pores. Forti (2005) has defined two 
conditions for the deposition of carbonates in lava 
caves. These are the rise of pCO2 in the solution 
entering in lava tubes, and the increase of calcium 
and/or magnesium concentration in water. The 
increase of pCO2 apparently follows the development 
of a thick soil layer above the lava field, which allows 
an intensive weathering of silicate minerals, providing 
cations for carbonate mineral precipitation inside 
the lava tube. This thick soil layer provides the 
medium for numerous microbial reactions (especially 
heterotrophy) that release considerable quantities of 
CO2. The Chimalacatepec lava tube system is currently 
covered by a thin soil horizon (30-40 cm) and oak 
trees found in humid environments, thus, a favorable 
medium that could support microbial activity. 
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Precipitation of calcite from this low-saturated 
solution (see Table 2) can be explained by evaporation 
and the formation of thin saturated water films 
(Dreybrodt, 1980, 1981), as well as special micro-
environments inside the porous rocks, in which the 
bacterial CO2 consumption increases the pH, allowing 
calcium carbonate precipitation. The variety of 
textures observed in thin sections (Fig. 7H-L) suggests 
a complex calcite precipitation process with more 
than one process and more than one mineralization 
stage involved.
Owing to its instability with respect to anhydrous 
calcite (Rodríguez-Blanco et al., 2014), Monohydrocalcite 
is a rare mineral. The precipitation of this mineral in 
such micro-environments appears to be determined 
by high concentrations of magnesium in the solution 
(Leveillé et al., 2000; Neumann & Epple, 2007; 
Munemoto & Fukushi, 2008; Last et al., 2010; Kimura 
& Koga, 2011) aided by the evaporation of water in the 
interior of mats and surrounding areas or may be as 
the result of biochemical activity (Polyak et al., 1994; 
Onac et al., 2009). Unfortunately, our current data 
does not allow us to propose a robust mechanism to 
account for the presence of this mineral in lava tubes.
No chronological data for the studied opal-A 
speleothems is available, but it is worthwhile to note 
that X-ray diffraction reveals a very low-ordered opal-A 
for both branched forms and terrestrial stromatolites 
(Figs. 6 and 8). The Full Width at Half Maximum 
(FWHM), used as a mineralogical maturation index, 
yields values between 7.7 and 7.9, indicative of a very 
immature opal-A (Herdianita et al., 2000; Lynne et al., 
2008). The values of the FWHM and the absence of 
opal-CT or opal-C suggest that the studied samples 
have not undergone diagenetic processes, allowing us 
to assume that they are very young. We must note that 
U-Th dating of opaline minerals is usually hampered 
by the large concentration of detrital Th (Ludwig & 
Paces, 2002).
CONCLUSIONS
The Chimalacatepec lava tube system displays a 
variety of opal-Aspeleothems that can be framed in 
two main groups: cylindrical and planar speleothems. 
They are composed mainly of opal-A and subordinate 
calcite and monohydrocalcite, precipitated in a second 
mineralization stage. 
The presence of opal-A and calcite are clearly 
mediated by biological processes favoring both, 
the dissolution and precipitation of silica and the 
precipitation of calcite inside rock pores through 
the formation of special microenvironments. The 
speleothems display traces of organic features 
such as terrestrial stromatolite-like laminations 
with abundant cell casts embedded in opal-A. We 
therefore suggest these formations may be classified 
as biospeleothems.
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smaller geographic areas.
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INTRODUCTION
The biochronology of fossil species is used for 
assessing the relative age of a bone assemblage. At 
the end of the 1980s and 1990s, Rabeder (1989, 
1999) developed a biochronological index for cave 
bear assemblages, based on the evolutionary trend of 
the fourth premolars (P4/4 index). This method can be 
applied when there is no radiometric age control for 
the fossils. The main issue with the morphodynamic 
index of the Marine Isotopic Stage 3 [MIS 3 (59-
24 ky BP - Pettitt & White, 2012)] cave bear bone 
assemblages is that the method has standard errors 
that are too large when compared with the length of 
this period. Nonetheless, the obtained P4/4 indices, 
plotted together with the results recorded for other 
sites, may provide a general time frame for the 
evolutionary level of a given cave bear population.
Another biochronological proxy often used in the 
cave bear research is the K-index. The K-index of the 
2nd metatarsal is a suitable indicator of the evolutionary 
stage of a cave bear population, from the postcranial 
skeleton (Withalm, 2004). As older cave bear fauna 
shows lower K-index values when compared with 
those from younger strata and this method shows a 
significant correlation with the radiometric scale, it 
represents a biochronological proxy for the age of cave 
bear bone assemblages (Withalm, 2001).
The Index of Plumpness (= robustness; Ip), applied 
on metapodials, is used as well for biochronological 
purposes. It has been shown that towards cave bears’ 
extinction, Ip values increased as the metapodials 
became more robust (Withalm, 2001). As in the case 
of K-index, the most biochronologically relevant are 
the measurements on the 2nd metatarsals, since 
this bone seems to be less affected by the sexual 
dimorphism or by the ontogenetic variability like the 
other metapodials (Withalm, 2004).
For central and western European cave bear sites 
morphological studies based on dental features 
(Rabeder, 1995) that later were confirmed by 
molecular results (Hofreiter et al., 2004), proposed 
two distinct species within the European MIS 3 cave 
bear group: U. spelaeus and U. ingressus (Rabeder 
et al., 2004). The first species corresponds to the 
western clade of the group, while the second species 
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has a Central and Eastern European distribution. 
They separated between 414 ky BP and 173 ky BP 
according to molecular dating (Knapp et al., 2009; 
Baca et al., 2012). Two other additional MIS 3 cave 
bear subspecies were also identified in Alps: Ursus s. 
ladinicus and Ursus s. eremus (Rabeder et al., 2004a, 
2006). From the Romanian Carpathians, the study on 
the phylogeny of the Oase Cave bears (Richards et al., 
2008), based on an analysis of the morphology and 
mtDNA control region of 19 samples, found that the 
examined material shows clear affinity to populations 
from southern Germany, Austria, Croatia, and 
Slovakia (U. ingressus haplogroup). Other sites from 
the Romanian Carpathians (e.g., Urşilor, Cioclovina, 
Muierilor caves) with similar age of the cave bear 
thanatocoenosis and similar values of the P4/4 index 
are susceptible of hosting the same fossil species 
(unpubl. material).
Urşilor (Bears) Cave is one of the most famous 
MIS 3 cave bear European sites and it includes a 
complete range of evidence belonging to this species: a 
full range of bioglyphs (nests, footprints, scratch marks, 
etc.) and several bone assemblages of different genesis 
throughout the cave system (in situ thanatocoenosis, 
reworked thanatocoenosis or mixed thanatocoenosis; 
Constantin et al., 2014; Robu, 2015, 2016b). 
As the new excavation campaigns from the scientific 
reserve of the cave (lower level) brought out more cave 
bear bones and new results on direct dating (AMS 
14C dating) on fossil bones were recently obtained 
(Constantin et al., 2014), a re-assessment of the 
biochronology of the excavated bone assemblage 
was needed. Moreover, although Romania has a high 
density of MIS 3 bone deposits, only two previous 
cave bear sites were analyzed thoroughly: Oase 
(Quilès et al., 2006) and Cioclovina (Petrea, 2009) 
caves. Therefore, the results obtained at Urşilor Cave, 
along with the other two sites, on biochronology 
corroborated with the new radiocarbon data, will 
enhance understanding of MIS 3 cave bears from the 
Romanian Carpathians.
THE SITE
Urşilor Cave is situated the nortwestern part of 
the Romanian Carpathians (Fig. 1A), its geological, 
geomorphological, and sedimentological background 
being discussed in detail in Constantin et al. (2014). 
The extracted fossil material was originally located 
at the lower level of the cave (= Scientific Reserve), 
in the Excavation Chamber and it derives from an in 
situ thanatocoenosis (Jurcsák et al., 1981; Robu et 
al., 2011; Robu, 2015, 2016a). The palaeontological 
excavation extends over an area of c. 9 m2 and has a 
current depth of c. 2.3 m, without reaching the bedrock 
(Fig. 1B). Eight distinct sediment layers (labeled 
L I-VIII) were identified: L I-III, and L VIII are rich in 
cave bear remains, while the remaining layers are 
sterile. The bone beds extend across the whole section, 
while the lower sterile ones were found to be thicker 
along the A1-D1 transect and become thinner towards 
the D4 square, where they lie over a flowstone terrace 
(Fig. 1B) (Constantin et al., 2014; Robu, 2015). 
The biochronological results obtained from Urşilor 
Cave were compared with the available data from the 
cave bear sites across Europe: Ukraine, Macedonia, 
Italy, Slovenia, Austria, France, Croatia, Slovakia, 
Germany, and Romania (Fig. 1A; Table 1).
MATERIALS AND METHODS
A morphodynamic investigation of the upper (P4) 
and lower fourth premolars (p4) was carried out, 
applying the method developed by Rabeder (1989, 
1999) and Rabeder & Tsoukala (1990), on 206 
specimens (N = 206), ranging from juveniles to adults, 
from the palaeontological excavation within Urşilor 
Cave (103 specimens of P4 and 103 specimens of p4). 
This method is based on the evolutionary trend in the 
occlusal plan for the fourth premolars and has been 
discussed in Robu et al. (2011). 
Almost 590 cave bear metapodials (N = 587) from 
the palaeontological excavation were investigated, 
out of which 338 were metacarpals and 249 were 
metatarsals. The osteometric measurements were 
performed following the methodology proposed by 
Tsoukala and Grandal D’Anglade (2002), using a 
150 mm electronic caliper (± 0.01 mm accuracy). 
As in Robu et al. (2011), K-index was erroneously 
used (focusing on the 4th metatarsal), now the use of 
K-index (equations 1 and 2; Fig. 2) has emphasized 
the evolutionary relevance of the 2nd metatarsal bone 
(N = 44); the method proposed by Gužvica & Radanović-
Gužvica (2000) and the Index of Plumpness (equations 
3 and 4) were previously presented in detail in Robu 
et al. (2011). The measurements and the equations 
used for the calculation of both indices are shown 
in Fig. 2. For the equation [1], DTprox represents 
the proximal breadth, DAPprox, the proximal height, 
and L is the greatest length (= maximum length). 
The standardization of the obtained K-index [2] was 
made with the MIS 3 cave bear population from 
Gamssulzen Cave (K-index = 5.63; Withalm, 2004). 
The Index of Plumpness was calculated according 
to Withalm (2001). For the equation [3], DTdist is 
the distal breadth and L, the greatest length. The 
standardization was made with the MIS 3 cave bear 
population from Gamssulzen Cave (Withalm, 2001) 
and the equation used was [4].
The values obtained from Urşilor Cave for the 
P4/4 index, K-index, and Index of Plumpness were 
correlated  with the radiometric scale and were plotted 
with other similar MIS 3 European cave bear sites. 
Only the AMS 14C data of the European MIS 3 cave 
bears were taken into consideration for this study.
In order to test the validity of the K-index, several 
correlations between the axes involved in its calculation 
were carried out. This test was performed on the 2nd 
metatarsus from the palaeontological excavation. 
RESULTS AND DISCUSSION
P4/4 morphodynamic index
The dominant p4 morphotypes are C1 (protoconid, 
paraconid and metaconid), C2 (C1 + hypoconid), D1 
(protoconid, paraconid, metaconid and two small 
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Fig. 1. A) Location of several MIS 3 European cave bear sites; numbers assigned to sites correspond to Table 1; B) Location 
and topography of Urşilor Cave with position of the palaeontological excavation.
accessory cusps) and D2 (D1 + hypoconid). C1, the 
most common morphotype of the lower fourth cave 
bear premolars from this palaeontological excavation, 
represents 26.21% of the total number of analyzed 
specimens. The D1 and D2 morphotypes have the 
same representation (14.56%), while C2 has a value 
of 12.62% (Fig. 3; Table 2). 
The dominant P4 morphotypes are D (protocone, 
metacone, hypocone, metalophe + small accessory 
cusps) and E (D + a better emphasized metalophulus 
and hypolophulus). The D morphotype accounts for 
almost 62% of the total, while the E morphotype 
represents 16.50% (Fig. 3; Table 2). 
The p4 index calculated for the cave bears from 
this palaeontological excavation is 184.95, while 
the value obtained for P4 is 204.85. After the 
standardization using the data from Gamssulzen 
Cave, the standardized P4/4 index for Urşilor Cave is 
65.04, which places roughly this cave bear population 
within MIS 3 period and indicate an affiliation to the 
Ursus ingressus group. Moreover, these results on 
dental features of the fourth premolar suggest that 
Urşilor cave bear population is situated at the middle, 
between the most (e.g., Nixloch, Potočka zijalka) and 
less developed (e.g., Nerubajskoe) occlusal surfaces 
of Ursus ingressus populations. Nonetheless, the 
correlation between the P4/4 index and the radiometric 
scale (R2 = 0.25) of the plotted MIS 3 cave bear sites 
from Europe indicates a weak interdependence 
between the two parameters (Fig. 4). 
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# Site
C
ou
nt
ry
Standardized 
P4/4 index
Standardized 
K-index (2nd 
metatarsal)
Standardized 
Ip (2nd 
metatarsal)
Radiometric 
dating  
(ky cal BP)
Species Source
1 Nixloch AU 109.2 – – 28.89 Ursus ingressus
Döppes & Rabeder, 1997; Rabeder, 
1999; Rabeder et al., 2004b;  
Pacher & Stuart, 2009
2 Gamssulzen AU 100 100.00 100.00 40.48 Ursus ingressus
Rabeder, 1995; Döppes & Rabeder, 
1997; Rabeder et al., 2004b; Pacher 
& Stuart, 2009
3 Herdengel 200-330 AU 58.95 95.56 96.51 40 Ursus ingressus
Döppes & Rabeder, 1997; Rabeder, 
1999; Rabeder et al., 2004b; Pacher 
& Stuart, 2009
4 Urșilor RO 65.04 97.87 92.11 42 Ursus ingressus? Robu et al., 2011; Constantin et al., 2014; Robu, 2015; 2016a,b.
5 Oase Cave RO 72.5 – – 48 Ursus ingressus Quilès et al., 2006; Richards et al., 2008
6 Cioclovina Uscata RO 79.3 – – 40 Ursus ingressus? Petrea, 2009
7 Ilinka UK 50 100.18 93.87 41 Ursus ingressus Rabeder et al., 2008; Nagel et al., 2005
8 Križna jama SLO 86.19 109.59 100.72 39.62 Ursus ingressus Rabeder & Nagel, 2001; Pohar et al., 2002; Rabeder et al., 2008
9 Nerubajskoe UK 30 86.50 95.16 52.45 Ursus ingressus Nagel et al., 2005
10 Potočka zijalka SLO 104 103.37 102.04 30.4 Ursus ingressus
Rabeder et al., 2004b; Pacher et al., 
2004; Pacher & Stuart, 2009
11 Vindija CR 63.75 110.83 100.25 39.4 Ursus ingressus Wild et al., 2001; Rabeder et al., 2004b; Withalm, 2005
12 Divje Babe SLO 87 – 47.7 Ursus ingressus Debeljak, 2002; Wild et al., 2001; Rabeder et al., 2008; Toškan, 2006 
13 Loutra Arideas MA 75.66 93.78 97.01 38 Ursus ingressus Rabeder et al., 2006
14 Bucco dell’Orso IT – 129.66 103.58 – Ursus ingressus
Santi et al., 2011; Santi & Rossi, 
2014
15 Medvedia SL 79.09 – – 47.1 Ursus ingressus Sabol et al., 2008
16 Salzofen AU 57.99 – – 49.2 Ursus eremus
Döppes & Rabeder, 1997; Rabeder, 
1999; Rabeder et al., 2008;  
Döppes et al., 2011
17 Ramesch 3 AU 52.85 – – 53.2 Ursus eremus
Draxler et al., 1986; Döppes & 
Rabeder, 1997; Rabeder, 1999; 
Pacher, 2003; Rabeder et al., 
2004b; Döppes et al., 2011
18 Brettstein-bären AU 53 97.87 100.66 51.3
Ursus ladinicus + 
Ursus eremus
Döppes & Rabeder, 1997; Rabeder 
et al., 2008; Pacher & Stuart, 2009
19 Conturines IT 63.97 88.10 97.86 44.2 Ursus ladinicus
Rabeder, 1991; Rabeder, 1999; 
Rabeder et al., 2004b; Hofreiter et 
al., 2004
20 Ajdovska jama SLO 46.78 100.00 94.94 50 Ursus ladinicus
Rabeder, 2011; Rabeder et al., 
2011; Pacher, 2011; Withalm, 2011
21 Zooliten-höhle GE 42 100.89 92.93 34.7 Ursus s. spelaeus
Rabeder et al., 2004b; Hofreiter et 
al., 2004
22 Fontana Marella IT 57.8 – – 26 Ursus ingressus?
Toskan & Bona, 2012; Santi & 
Rossi, 2014
23 Caverna Generosa IT 56.82 – – 47.14 Ursus ingressus?
Bona, 2004; Pacher & Stuart, 
2009; Santi & Rossi, 2014
24 Basura IT 95.1 – – 27.5 Ursus s. spelaeus? Quilès et al., 2006; Petrea, 2009
25 Tournal FR 73.4 – – 35 Ursus s. spelaeus? Santi & Rossi, 2014
26 Hortus FR 80.9 – – 40 Ursus s. spelaeus? Petrea, 2009; Santi & Rossi, 2014
27 Grotte Blanche FR 79.8 – – 40
Ursus s. 
spelaeus? Petrea, 2009
28 Badalucco IT 72.4 – – 50 Ursus s. spelaeus? Petrea, 2009
Table 1. Several MIS 3 European cave bear sites and their biochronological indices. Note: the assigned numbers (#) to the analyzed sites 
correspond to Figs. 1, 4, and 5.
127Age re-assessment of the cave bear assemblage from Urşilor Cave, north-western Romania
International Journal of Speleology, 45 (2), 123-133. Tampa, FL (USA) May 2016
Fig. 2. Osteometric measurements and the equations used for the 
calculation of K-index and Index of Plumpness.
Table 2. The cave bear upper (P4) and lower (p4) morphotypes from the palaeontological 
excavation.
Upper P4    
Morphotype Amount Factor Product Frequency (%)
B 3 1 3 2.91
C 3 2 6 2.91
A/D 13 1 13 12.62
D 64 2 128 62.14
E 17 3 51 16.50
D/F 1 3 2 0.97
F 2 4 8 1.94
TOTAL 103  211 100
Lower p4    
Morphotype Amount Factor Product Frequency (%)
B1 6 0.5 3 5.82
B2 2 2 4 1.94
C1 27 1 27 26.21
C2 13 2 26 12.63
C3 8 3 24 7.76
D1 15 1.5 22.5 14.57
D2 15 2.5 37.5 14.57
D3 7 3.5 24.5 6.79
E1 9 2 18 8.73
E3 1 4 4 0.98
TOTAL 103  190.5 100
Fig. 3. Main P4/4 morphotypes from Urşilor Cave.
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Fig. 4. Radiometric ages vs. P4/4 standardized index for several 
European cave bear sites. Note: numbers assigned to sites 
correspond to Table 1.
For the pooled cave bear fourth premolars from 
Urşilor, a biochronological estimate of 60-40 ky BP 
was obtained based on the assumed error of the 
morphodynamic method and taking into account the 
cave bear extinction date, situated around 27.8 cal ky 
BP (Pacher & Stuart, 2009). 
At the European continental scale, spanning a time 
period of almost 140 ky BP (Rabeder & Tsoukala, 1990; 
Quilès et al., 2006), the dental morphotype indices 
are well correlated with the radiometric scale, and 
therefore, the P4/4 morphodynamic index has proved 
to be a reliable biochronological tool (e.g., Rabeder, 
1999; Quilès, 2004). Nevertheless, in the case of the 
plotted European MIS 3 cave bear populations, the 
relevance of the calculated index looses its validity: the 
correlation between the P4/4 index and the radiometric 
scale of is weak (R2 = 0.25). This could be explained 
by 1) the amount of new radiocarbon data obtained 
through AMS using ultrafiltration, which have given 
significantly older dates on the same fossil material 
(Higham et al., 2006a, b; Jacobi et al., 2006; Mellars, 
2006; Pacher & Stuart, 2009) and 2) the contradiction 
between the obtained P4/4 index and the radiocarbon 
data [e.g., the values of the morphodynamic index 
obtained for Oase Cave (72.5; see Table 1) indicated a 
more advanced evolutionary stage for the cave bears 
than at Urşilor Cave, while the obtained radiometric 
ages clearly show that the latter site was younger 
than Oase Cave].
Therefore, one of the main limitations of the P4/4 
morphodynamic method (when attempting to estimate 
the age of a MIS 3 cave bear bone population), is that 
the long-term adaptive features in addition to the local 
environmental conditions affect the fourth premolar’s 
“plasticity”. In other words, although the radiometric 
results may point to a younger cave bear population 
at one site than at another, the former may retain less 
complex features in the dental configuration than the 
latter. In this situation, the main constraint cannot 
be the general trend of the evolution, but the local 
environmental factors or other constraints (e.g., the 
geographic and reproductive isolation, the variability 
of P4/4’s occlusal surface in a given place and time, 
dietary habits, etc.) that could have shaped the P4/4’ 
morphology differently for various populations. The 
second main limitation is that within MIS 3, the P4/4 
morphodynamic index has a very low resolution (the 
errors of the method are far too large for this period). As 
such, it is hard to assess the evolutionary stage of a cave 
bear population, especially when P4/4’ “molarisation” 
was not necessarily an evolutionary trend as they 
approached extiction but seems rather related to the 
variability of this species during MIS 3. Consequently, 
based on our new biochronological results obtained 
from Urşilor Cave we consider that the use of the 
P4/4 morphodynamic estimation is a less reliable tool 
when trying to assess and to compare the P4/4 dental 
features between cave bear populations from similar 
time periods (e.g., 45-40 ky BP). 
Nonetheless, the method can be applied with caution 
when no radiometric ages are available for the fossil 
remains and when the evolutionary stage of the cave 
bear population has to be broadly assessed. Moreover, 
based on the biochronological estimates obtained from 
the  quantification of the P4/4 occlusal surface of cave 
bears from the European sites it appears that the P4/4 
index may provide reliable information when conducting 
studies on a regional scale and at larger time.
K-index and Index of Plumpness
The K-index value obtained for the 2nd metatarsal of 
the cave bears from the palaeontological excavation 
is 5.51 (Table 3). After standardization using the data 
from Gamssulzen Cave, a K-index value of 97.86 was 
recorded for Urşilor Cave.
Figure 5A shows the distribution of the best studied 
European cave bear sites (e.g., Rabeder, 1999, 2004; 
Gužvica & Radanović-Gužvica, 2000; Withalm, 2004, 
2011) taking into consideration two variables: the 
K-index and the radiocarbon data. As the occlusal 
surface of the fourth premolar indicates, the values 
obtained for the cave bears from the palaeontological 
excavation point to a cave bear population situated at 
an earlier evolutionary stage when compared to the 
other western and central European Ursus ingressus 
cave bear populations. However, the result of the 
correlation (R2 = 0.22), between the radiometric scale 
and the K-index from the analyzed sites, suggests 
that  K-index should be regarded with caution as a 
biochronological proxy.
The Index of Plumpness calculated for the 2nd 
metatarsal of the cave bear population from Urşilor 
Cave is 29.31 (Table 3). Figure 5B shows the available 
standardized indices of Plumpness plotted against the 
radiometric scale from the European cave bear sites. 
Among the analyzed cave bear sites, Urşilor population 
has the lowest value of the Index of Plumpness, 
although the obtained radiometric data place this 
population later than other sites with higher values 
of robusticity. The correlation between radiocarbon 
data and Ip is weak (R2 = 0.03) and apparently, as in 
the case of the K-index, the assumed biochronological 
relevance of this index is questionable. 
It is known that during MIS 3 different cave bear 
species/subspecies coexisted (even in the same site; 
e.g., Gamssulzen and Ramesch caves; Bocherens 
et al., 2011), sometimes showing different body 
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Elements Mc 1 Mc 2 Mc 3 Mc 4 Mc 5 Mt 1 Mt 2 Mt 3 Mt 4 Mt 5
L 63.51 75.87 80.94 83.22 83.16 55.52 69.23 78.36 85.77 90.05
DT prox. 23.53 18.51 20.07 21.74 27.54 21.92 15.87 20.05 20.01 28.14
DAP prox. 20.73 25.3 29.01 30.49 30.54 23.48 24.03 29.12 29.57 29.85
DT dia.min. 13 17.01 16.5 18.25 18.3 11.1 13.56 15.09 15.27 13.83
DAP dia. 11.2 13.12 13.4 15.46 14.7 12.2 10.35 11.48 13.41 14.87
DT dist. 18.26 24.04 24.35 26.04 27.01 17.14 20.3 21.23 22.55 24.4
DAP dist. 17.3 19.63 20.49 21.17 20.16 15.66 16.24 16.87 17.7 17.74
DT art.dist. 12.27 16.36 15.91 15.91 16.72 10.72 12.71 12.78 14.95 14.82
Ip 28.75 31.68 30.08 31.29 32.47 30.87 29.31 27.09 26.28 27.1
K 7.68 6.17 7.19 7.37 10.11 9.27 5.51 7.45 6.9 9.32
Table 3. Measurements of the cave bear metapodials from Urşilor Cave (according to Tsoukala & Grandal D’Anglade, 
2002). Note: Mc = metacarpals; Mt = metatarsals; L = greatest length; DT prox. = the proximal breadth; DAP prox. = the 
proximal height; DT dia.min. = minimum breadth of diaphysis; DAP dia. = diaphysis’ height; DT dist. = the distal breadth; 
DAP dist. = the distal height; DT art.dist. = the distal articulation breadth.
sizes and biometric peculiarities. Therefore, several 
correlations were tested for a better understanding 
of the K-index and for its biochronological relevance. 
The working assumption was that if there is a 
strong interdependence among all the parameters - 
the greatest length, the DAP prox (antero-posterior 
diameter of the proximal epiphysis) and the DT prox 
(transverse diameter of the proximal epiphysis) - then 
the equation proposed by Gužvica & Radanović-
Gužvica (2000) has no biochronological meaning 
(strong correlations among all the axes, indicate 
that the largest bears (as size of the skeleton) will 
produce only high values for the K-index, but not a 
palaeoevolutionary proxy). The results indicated that: 
(i) the correlation between the DAP prox and the 
K-index (Fig. 6A) of the 2nd metatarsal of the cave 
bears from the palaeontological excavation at Urşilor 
Cave is significant (R2 = 0.70);
(ii) the correlation between the K-index and the 
greatest length (or maximum length) of the second 
metatarsal (Fig. 6B) is non-significant (R2 = 0.37); 
(iii) figure 7A shows a strong correlation (R2 = 0.90) 
between the K-index and the (DT prox); 
(iv) the correlation between the DAP prox and the 
DT prox (Fig. 7B) is moderate (R2 = 0.59) and indicates 
that the axes are not interdependent; 
(v) figure 8A shows a significant correlation between 
the maximum length and the antero-posterior 
diameter (R2 = 0.76) of the cave bear 2nd metatarsal; 
(vi) the maximum length and the transverse 
diameter of the proximal epiphysis (Fig. 8B) shows no 
interdependence between the axes (R2 = 0.46). 
K-index appears to reflect the robusticity of 
the proximal end of the metatarsals. As Withalm 
(2004) mentioned, K-index values obtained for cave 
bears increased as they approached extinction 
[i.e., older bears (from deeper stratigraphic layers) 
show lower values than those from younger strata]. 
These correlations have shown that the maximum 
length of the 2nd metatarsal exhibits a pattern 
similar to that of the antero-posterior diameter, 
while the transverse diameter does not show a clear 
interdependence with either the maximum length or 
DAP. For the 2nd metatarsal of the cave bears from 
the palaeontological excavation, DAP and maximum 
length seem to be interrelated, while DT behaves as an 
independent parameter. 
Nonetheless, for a better assessment of the age 
estimation of a cave bear population, the obtained 
K-index has to be correlated with the P4/4 index 
and with the Index of Plumpness. Thus, if the 
P4/4 morphodynamic index, K-index and Index 
of Plumpness are correlated with the radiometric 
scale (Withalm, 2004), the obtained results might 
be of biochronological relevance. However, the 
main concern, as in the case of the P4/4 index 
(for both K-index and the Ip) is the resolution 
of the methods – errors far too large for a 
Fig. 5. A) Radiometric ages vs. standardized K-index index for several European cave bear sites; B) Radiometric ages  
vs. standardized Index of Plumpness for several European cave bear sites. Note: numbers assigned to sites correspond  
to Table 1.
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Fig. 6. A) K-index vs. DAP prox for the 2nd cave bears metatarsal; B) K-index vs. Gl for the 2nd metatarsal of the cave bears from the palaeontological 
excavation from Urşilor Cave.
Fig. 7. A) K-index vs. DT prox for the 2nd metatarsal; B) DAP vs. DT for the 2nd metatarsal of the cave bears from Urşilor Cave.
Fig. 8. A) DAP prox vs. greatest length for the 2nd metatarsal; B) DT prox vs. greatest length for the 2nd metatarsal of the cave bears from Urşilor Cave.
precise evaluation of the age of the MIS 3 cave 
bear populations. 
CONCLUSIONS
Based on the morphodynamic dataset (P4/4) and 
indices for 2nd metatarsus (K and Ip indices), Urşilor 
Cave bear population is allocated to an earlier 
evolutionary stage than previously assumed by Robu 
et al. (2011). Most likely this cave bear population 
belongs to a more ancient branch – with less evolved 
dental and metapodial features – of Ursus ingressus 
population (eastern clade) when compared with 
similar MIS 3 populations from the alpine region 
(western clade). The earlier evolutionary stage might 
indicate an older period, a fact also supported by the 
radiometric data. 
All three methods, P4/4 morphodynamic index, 
K-index, and Index of Plumpness, often used for 
the cave bear evolutionary stage assessment, are 
biochronologically relevant when corroborated and 
applied at a regional scale and to large time intervals. 
For the MIS 3 cave bear populations, the use of these 
three indices for biochronological purposes, without 
proper radiometric dating, may be unreliable.
Over the last 30 years, the radiometric ages 
were obtained using different procedures (e.g., 
conventional 14C, AMS 14C with ultrafiltration), thus 
a full reassessment of both the biochronological 
(P4/4, K, and Ip indices) and the radiometric data 
– for the most relevant cave bear sites – is needed. 
Until then, all correlations of the biochronological 
indices vs. the radiometric scale should be interpreted 
with caution.
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Abstract: The S-19 Cave was with its explored depth of 177 m one of the most important caves of the 
Mt. Kanin massif, but after its discovery in 1974, a huge snow avalanche protection dyke was 
constructed across the cave entrance. To excavate the buried cave, the accurate location of 
the cave had to be determined first. Since the entrance coordinates were incorrect and no 
markers were available, application of geophysical techniques was necessary to do this. A 
Ground Penetrating Radar (GPR) with special 50 MHz rough terrain antennas was selected 
as the single suitable geophysical method for the given conditions where thick debris overlay 
a rugged limestone surface. Nevertheless, it was not possible to directly detect the relatively 
narrow cave entrance itself due to data resolution limits. However, a historical photo of the area 
showed that the cave entrance was located in a local depression, which therefore represented 
the main target of the GPR survey. Seven GPR profiles were measured across the rough and 
steep surface causing difficulties in traversing the area with sensitive research equipment. In 
all recorded radargrams a small depression was clearly imaged under debris, and recognized 
as a topographic feature with the cave entrance. Based on the GPR data interpretation, the 
exact location for digging was determined and the thickness of debris assessed at 6.5–7 m. 
A massive excavation by a dredger resulted in a successful opening of the cave entrance, 
confirming both its geophysically determined location and its estimated depth. The application 
of an advanced geophysical method was therefore proven successful in providing a solution 
to this specific case in karst exploration and an important cave was saved.
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INTRODUCTION
The Kanin massif is speleologically one of the most 
important high-mountain karst areas in Europe. It 
is located at the border between Slovenia and Italy 
(Fig. 1) and is built of more than 1000 m thick Upper 
Triassic Dachstein limestone. The potential for very 
deep caves is significant and five caves deeper than 
1000 m have been explored so far (Gabrovšek & 
Otoničar, 2010). The total number of explored caves is 
above one thousand and each year tens of new caves 
are registered (Čekada et al., 2011). 
The speleological explorations of the Kanin massif 
started in the 1960s at the lower part of the Kanin 
plateau, but only a few deeper caves were found (Pirnat, 
2002). In 1974 a cable-car was constructed to the 
Kanin plateau (Kunaver et al., 2011), which improved 
the capabilities for cave exploration. However, the 
fate of the S-19 Cave, which is located in the vicinity 
of one of its intermediate stations (Figs. 1 and 4), is 
connected to the construction of this cable-car. This 
cave was explored in 1974 to the depth of 177 m with 
open continuation and was the deepest explored so 
far (Pirnat, 2002). But due to a big snow avalanche, 
which damaged the cable-car station during the next 
winter, a huge protection dyke was later built across 
the cave. It was a great drawback for speleologists 
that the access to one of the most promising caves in 
the area was lost.
Renovation activities of the Kanin cable-car started 
in 2015 and first a new access road was constructed 
in the vicinity of the buried S-19 Cave. It seemed 
that this was a unique opportunity to re-open the 
cave entrance for further exploration by a dredger 
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available on the spot. But first it was very important 
to locate its position as accurately as possible. This 
was not easy for several reasons: a) the cave entrance 
is relatively small, b) the cave entrance coordinates 
in the cave registry were incorrect, c) only one photo 
of the vicinity of the cave entrance from 1974 exists 
(Fig. 2a), and d) the existing protection dyke is very big. 
A very rough estimate was that there were at least 5 m 
of debris above the cave entrance. The main question 
was: Is there a geophysical method that could locate 
the cave entrance accurately? Due to the given 
conditions – limestone debris overlying limestone 
rocks, and a very rough surface – it was decided that 
only Ground Penetrating Radar (GPR) could contribute 
to the solution, but success was not guaranteed 
mainly because the cave entrance is relatively small. 
Since it was known that the entrance was located in 
a depression within the rugged karstified surface, it 
was more likely that the original surface topography 
would be revealed than to detect the cave entrance 
itself, due to the signal resolution limit. But we hoped 
that the cave entrance could also be located in such 
an indirect way . We decided to apply special 50 MHz 
rough terrain antennas which enabled measurements 
across the rugged surface (Mala, 2010). Seven GPR 
profiles were measured, aiming to reveal the original 
topography of the karstified surface under the debris 
with depth penetration of at least 10 meters.
Fig. 1. Location of the study area and S-19 Cave in the Kanin massif shown on 1 m LiDAR Digital 
Elevation Model.
Detection of underground voids for various purposes 
is a typical application of the GPR method. It can be 
used to assess geotechnical hazards related to the 
sudden collapse of natural or artificial cavities like 
abandoned mines or other underground excavations 
(Benson 1995). Most frequently, the detection of 
shallow cavities (at a depth less than 5 m) is described 
in literature, because shallow features pose the main 
hazard for any surface construction or are interesting 
from the archaeological point of view (Pueyo-Anchuela 
et al., 2009b). High frequency GPR systems in the range 
from 200 MHz to 500 MHz are therefore usually applied 
because they have an appropriate depth penetration, 
but retain a good spatial resolution needed to detect 
small cavities as well. But for specific projects such as 
the construction of a tunnel through karstified rock, 
it is also important to detect larger cavities at greater 
depths. For a medium depth range of up to 20 m, 
this can be accomplished by the application of low 
frequency (25–100 MHz) GPR systems. 
THE S-19 CAVE
At the time of early speleological investigations in 
the Mt. Kanin massif, the S-19 Cave was the deepest 
explored and thus one of the most promising caves 
discovered (Pirnat, 2002). Although a very large 
number of shafts were investigated and documented, 
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Fig. 2. a) Photo of the Skripi area from 1974 with marked entrances of the S-19 
and S-20 caves (Foto: J. Jurečič); b) Extended profile and ground plan of the 
S-19 cave (courtesy of the Speleological Association of Slovenia cave registry).
most of the caves were very shallow and terminated 
with debris or snow taps after the entrance shaft. 
The cave which was explored below the critical first 
tens meters’ depth was thus very important. The S-19 
Cave is located at the elevation of 1655 m in the Skripi 
area, which is located between two prominent side 
ridges formed by glacial erosion (Fig. 1) and is entirely 
developed in Upper Triassic Dachstein limestone. 
According to the cave registry of the Speleological 
Association of Slovenia (Čekada et al., 2011), the 
entrance shaft is 8 m deep and relatively narrow, 1 m 
by 0.5 m. However, this information is not necessarily 
correct, since the entrance seems wider on the cave 
map presented in Fig 2b, at least in one direction. 
Unfortunately, no direct photo of the cave entrance 
is available, since the only one from 1974 (presented 
in Fig. 2a) does not clearly show the entrance itself. 
From this photo and from personal communication 
of speleologists, the entrance is located in a small 
depression within the rugged karstified surface. 
A good cave map was prepared (Fig. 2b) from which it 
is evident that the cave continues at the bottom with 
another open shaft (question mark on Fig. 2b). The 
cave is characterized by a series of shafts, which are 
connected by short and narrow meanders. Another 
small shaft S-20 (Fig. 2a) in the vicinity of the S-19 
Cave was explored to the depth of 12 m, but it ends 
with a debris tap. Although the Cave S-19 is well 
documented in the cave registry, the coordinates of 
its entrance are incorrect; it is marked at approx. 
200 m to the NE from its actual location (Čekada et al., 
2011). Such a mistake is surprising, because a nearby 
shelter and the cable-car station already existed in 
1974 (Fig. 2a). Therefore, one would expect that the 
cave entrance position would be better determined 
on the topographic map in a 1:10,000 scale, which is 
specified as a source of its coordinates.
In 1973 a cable-car was constructed from the town 
of Bovec to the plateau at the elevation of 2202 m 
(station D) and a new skiing area opened in 1974 
(Kunaver et al., 2011). The intermediate C-station 
Skripi (Figs. 3 and 4) was constructed on a small 
plateau, only 70 m from the S-19 Cave entrance, in 
an area exposed to snow avalanches. Since the rugged 
karstified surface is not suitable for skiing, large rock 
and soil works were conducted to prepare the ski-
slopes in the intermediate vicinity of the cave (Fig. 1), 
but at that time the cave entrance remained open. In 
the winter 1974/75 a big avalanche happened in 
the Skripi area and partially destroyed the cable-
car C-station. The danger of snow avalanches in 
this area was definitely underestimated, although 
artificial triggering of avalanches was regularly 
conducted during the winter. Therefore, to deviate 
avalanches away from the station a huge dyke 
of limestone debris was constructed around the 
station at the distances between 50 and 200 m 
(Kunaver et al., 2011). Also the entrance of the 
S-19 Cave was buried under thick layer of debris. 
Therefore, it seemed that the cave entrance would 
remain buried forever.
After another cable-car accident, renovation 
activities started in 2015, including large rock 
and soil works in the vicinity of the C-station. 
Speleologists decided that this was a unique 
opportunity to excavate the S-19 Cave entrance. 
With the support of the local community and 
through negotiations with the contractor, an 
agreement was achieved to at least try to do this. 
But prior to any dredger excavation attempt, the key 
question was how exactly could the cave entrance 
be located based on all available information from 
1974 and through the application of possible search 
techniques, among which the GPR was selected as 
the most promising method.
THE GROUND PENETRATING  
RADAR METHOD
After earlier applications of the ground penetrating 
radar (GPR) method in specific conditions of 
permafrost and ice covered areas, the method started 
to develop rapidly for investigations of the shallow 
subsurface around 25 years ago (Davis & Annan, 
1989). The method has been successfully applied to 
solve various geological, geotechnical, engineering, 
environmental and archaeological problems in the 
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Fig. 3. Photo of the Skripi area from 2015 at the time of the GPR measurements. 
The entrance of the S-19 cave is covered by a thick layer of debris. At the top of 
the picture the same shelter as in Fig. 2a is visible and at the right the cable-car 
C-station. Blue line shows the NE limit of the study area.
Fig. 4. Position map of the GPR profiles. Aerial image of Surveying and Mapping Authority of 
Slovenia (GURS).
depth range from a couple of centimetres to several 
tens of meters or even hundreds of meters in case of 
penetrating ice. Furthermore, applications of the GPR 
method have emerged in some new fields over the last 
decade, for instance in forensic, agricultural, and soil 
sciences (Reynolds, 2011). However, among geological 
problems the most common applications are related 
to investigations of the bedrock depth, stratigraphy 
and sedimentology of sediments, faults, and fracture 
zones, delineation of rock fabric, determination of 
water table depth, identification of karst features, 
and detection of voids (Daniels, 2004; Jol, 2009; 
Reynolds, 2011).
The principle of the GPR method is that a short pulse 
of high frequency (25-2,000 MHz) electromagnetic 
(EM) energy is transmitted into the ground where it 
is reflected from the interfaces which separate layers 
with different electrical properties. The reflected 
signal is detected by the receiver antenna, amplified, 
digitized, and stored for later data processing. The 
GPR is normally used in a common-offset reflection 
mode using a pair of properly spaced antennas which 
are moved along the straight measuring profile.
The propagation of EM waves through the rocks is 
controlled by dielectric and conductivity properties of 
the material. The velocity of wave propagation V in 
low-loss geologic materials depends on the relative 
dielectric permittivity (dielectric constant) ε by the 
equation:
V= c/ ε0.5  (1)
where c = 3·108 m/s or 30 cm/ns, the propagation 
velocity of EM waves in vacuum.
The attenuation of EM waves depends mainly on 
the conductivity of the material. Since the presence of 
water in rocks is the main factor which controls 
the conductivity, the GPR method is most 
suitable for dry rocks where the greatest depth of 
penetration can be achieved. The second factor 
which controls the depth of penetration and data 
resolution is the frequency of the EM signal: the 
lower is frequency, the deeper is penetration 
and the resolution is lower. Antennas which 
transmit and receive signals with different 
central frequencies should therefore be used for 
different purposes.
Among geophysical methods the GPR has 
been increasingly used in the last decade 
in karst areas for solving different issues 
related to environmental, hydrogeological, 
and geotechnical investigations. According to 
Chalikakis et al. (2011), the GPR method is the 
most popular geophysical tool for identification 
and characterization of subsurface karst features 
such as cavities, channels, conduits, and 
solutionally enlarged fractures. Martinez-Moreno 
et al. (2013) give an overview of geophysical 
studies which have been used to 
detect shallow caves, including the 
approximate penetration depth, 
which is between 4 and 28 m for 
the GPR method.
Natural cavities and sinkholes 
which pose potential hazards can be 
related to the dissolution of various 
materials like salt and anhydrite 
(e.g., Frumkin et al., 2011; 
Mochales et al., 2008), but most 
frequently they are characteristic of 
karstified limestone (e.g., Sharma, 
1997; McMechan et al., 1998; 
Chamberlain et al., 2000; Pueyo-
Anchuela et al., 2009a; Gosar, 
2012). Many studies of cavities, 
frequently combining several 
geophysical methods, have mainly 
been focused on determining their 
location, spatial distribution, 
and extension (e.g., Beres et al., 
2001; Vadillo et al., 2012; Seren 
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et al., 2012). An important task for engineering is 
detecting and locating underground cavities beneath 
constructions and populated areas (e.g., El-Qady et 
al., 2005) and locating fractured zones in order to 
evaluate the stability of the karstic caves (Leucci & 
De Giorgi, 2005). Detection of hazardous cavities, 
subsidence sinkholes, and sagging in karst terrain 
as potential geohazard assessment is necessary 
particularly in populated sites. Recently, several 
studies have successfully applied the GPR method 
with other geophysical surveys and techniques in 
order to evaluate and predict the risk of sinkhole 
collapses in urban areas (Murphy et al., 2008; 
Delle Rose & Leucci, 2010; Gomez-Ortiz & Martín-
Crespo, 2012; Carbonel et al., 2014; De Giorgi & 
Leucci, 2014; Pueyo-Anchuela et al., 2015). Karst 
cavities are also investigated by the GPR to prevent 
geohazards in mineral exploitation (Zajc et al., 2014; 
Zajc et al., 2015). The GPR is also widely used in 
archaeology to detect underground chambers which 
can have significant archaeological meaning, such 
Fig. 5. Two photos of the GPR measurements performed in very difficult conditions 
characterized by steep slopes and a rugged surface: a) measurement of profile 7,  
the view in NW direction; b) measurement of profile 2, the view in E direction.
as vaults, culverts, and crypts (e.g., Basile 
et al., 2000; Leucci & Negri, 2006; Piscitelli 
et al., 2007). 
DATA ACQUISITION AND 
PROCESSING
The GPR profiles were measured using 
the Mala ProEx recording unit and 50 MHz 
antennas (Mala, 2010) with a common 
offset technique. Special rough terrain 
antennas (RTA) recently developed by Mala 
were used due to the very rough surface, 
because it was clear that the application of 
rigid antennas was impossible. Compared 
to normal unshielded antennas, which 
are usually oriented perpendicularly to 
the profile direction and are rigid, the RTA 
antennas are flexible, in-line oriented, all-
in-one antennas (Mala, 2010). The flexible 
snake-like design in the form of a long 
tube allows the antenna to be manoeuvred 
easily and efficiently over the uneven terrain 
without affecting ground contact, providing 
optimum results even in difficult conditions. 
The most important benefit is that it is not 
necessary to clear the profile route prior to 
the survey to make it flat or vegetation free. 
The total length of a 50 MHz RTA is 9.25 m 
and the spacing between antennas is 4 m.
Seven GPR profiles (Fig. 4 and Table 1) 
were measured in difficult terrain conditions 
characterized by a very rough and sometimes 
also very steep surface that caused severe 
difficulties for traversing the area with 
sensitive equipment. The profile lengths 
were between 37 and 60 m. Most of the 
profile distances were measured across the 
debris infill which also includes large rock 
blocks (Fig. 5); only the initial parts of S – 
N oriented profiles were measured across 
karstified limestone bedrock. Although 
RTA antennas were used, a team composed of 
three people was necessary to successfully conduct 
the measurements: the operator who carried the 
acquisition unit in a backpack and a laptop computer 
in front of him and two assistants who took care of the 
proper movement of the antennas’ tube and prevented 
it from being blocked by rocks or from losing their 
good contact with the ground (Fig. 5). Good ground 
contact along the whole length of the antennas was 
not always possible due to the rough surface and this 
was definitely an important source of noise in the 
radargrams. Although the basic idea was to measure a 
regular grid of profiles across the area where the cave 
entrance was supposed to be, the actual geometry of 
the measured profiles was fully influenced by terrain 
characteristics. Through initial tests we realized 
that only two directions of measurements were 
possible, in roughly N – S and W – E oriented profiles 
(Fig. 4 and Table 1). Four nearly parallel profiles were 
measured in the S – N direction in 25 m wide band 
and three in the W – E direction in 15 m wide band. 
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From the shape of the debris infill and the known 
original topography from the historical photo, it was a 
reasonable assumption that the cave would be within 
the investigated area. We initially wanted to measure 
an additional W – E profile south of profiles 6 and 7 
(Fig. 4), but this proved impossible due to big rock 
blocks. Unfortunately, we were not able to perform 
additional topographic (detailed elevation) survey of 
the profiles due to equipment/time limitations to 
enable application of GPR topographic correction. 
On the other hand, due to very specific objective of 
the study to locate the local depression with cave 
entrance, this was not absolutely necessary.
All seven profiles were measured twice, in a “direct” 
and “reverse” direction. This is helpful in difficult terrain 
conditions, because the noise caused by locally poor 
ground contact of the antennas can be quite different 
in two measuring directions. In case of non-horizontal 
reflections, the changes in radargrams recorded in 
different directions are related also to respect changes 
in the underground (Jol, 2009). In the case of four S – 
N profiles (profiles 1–4) we realized that better results 
were obtained when the movement was up-slope, 
because it was easier to maintain a straight position 
of the antennas’ tube than in the opposite, down-slope 
direction. Although there was some heavy rainfall in 
the area one day before the measurements took place, 
which could have influenced the penetration of the 
GPR signals due to wet sediments, the ground was dry 
enough because the water quickly drained through the 
debris and through the underlying karstified rocks. 
A good signal penetration of 15–20 m was therefore 
achieved, which is expected for a low frequency 
(50 MHz) GPR system in favourable lithological setting 
without the presence of clay sediments.
To conduct measurements in regular intervals 
(0.2 m was selected) two different triggering systems 
are used in common GPR systems. The first is a 
distance-measuring wheel which is used with high-
frequency all-in-one antennas that are towed or 
pushed along the profile. In our case it was clear that 
the distance-measuring wheel could not operate at all 
on such a rough surface. The second is a chain (leash) 
profile encoder composed of a leash and a wheel 
which is rotated by unwrapping the leash and triggers 
the acquisition in regular distance intervals. Such a 
chain profile encoder was used in our measurements 
as the single possibility to maintain regular triggering 
intervals. The signal sampling frequency was 
1000 MHz and the acquisition time window was 
1024 ns long. All of the GPR acquisition parameters 
are summarized in Table 2.
Data was processed using the following processing 
sequence:
• DC removal
• Time zero adjustment
• Background removal
• Amplitude correction (AGC)
• Bandpass filtering
• Time to depth conversion
No topographic correction was applied to the data, 
since we were not able to perform detailed geodetic 
survey along the profiles. The real debris-bedrock 
contact topography was therefore not derived from 
the profiles, but the goal to locate the local depression 
with the cave entrance was achieved also without such 
correction. Time to depth conversion was performed 
using the constant velocity of 11.3 cm/ns typical for 
limestone, which corresponds to the dielectric constant 
ε = 7 (Table 3), since no lithological changes were 
expected along the investigated depth of penetration. 
This figure corresponds well to the central value for 
dry limestone in literature where the ε spans from 
4 to 9 (Daniels, 2004; Jol, 2009; Reynolds, 2011). 
We also tried some hyperbola fitting for signal 
velocity determination for few diffractions visible on 
radargrams and obtained similar values of around 11 
cm/ns. The 50 MHz GPR signal wavelength in such 
a material is 2.3 m and the theoretical vertical and 
horizontal resolutions at the depth of 10 m are 1.1 m 
and 4.1 m, respectively (Table 3).
Profile 
number Orientation Length
No. of GPR 
traces
1 S – N 37.4 m 187
2 S – N 44.2 m 221
3 S – N 47.9 m 240
4 S – N 50.2 m 251
5 W – E 45.6 m 228
6 W – E 50.8 m 254
7 W – E 59.4 m 297
Table 1. Basic data on the measured GPR profiles.
Antennas 50 MHz unshielded rough terrain antennas (RTA)
Antennas’ separation 4 m
Sampling frequency 1000 MHz
Sampling interval 1 ns
Acquisition length 1024 samples = 1024 ns
Stacks 16
Trace spacing 0.2 m
Triggering system chain (leash) encoder
Table 2. GPR acquisition parameters.
Antennas’ central frequency 50 MHz
Wavelength (λ) in air 6 m
Average dielectric constant (ε) of limestone 7
EM velocity in limestone 11.3 cm/ns
Wavelength (λ) in limestone 2.3 m
Vertical resolution at 10 m depth 1.1 m
Horizontal resolution at 10 m depth 4.1 m
Table 3. Data on the GPR signal velocity and wavelength.
RESULTS AND INTERPRETATION
The processed GPR profiles are shown in Figs. 
6–8 and their position map in Fig. 4. All the profiles 
are shown as two-way-traveltime (vertical axis 
in nanoseconds) sections (radargrams) with an 
additional depth scale in meters. On the horizontal 
axis the profile distance in meters is shown, as well 
as trace numbers (trace spacing is 0.2 m). In general, 
the signal to noise ratio on the recorded radargrams 
is good. The main source of noise is most probably 
related to locally poor ground contact of the antennas 
due to the rough surface. Such noise is visible in 
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radargrams as distinct vertical stripes, for example: 
traces 10–45 on Profile 1, traces 125–140 on Profile 2, 
traces 190–210 on Profile 3, traces 120–125 on Profile 
4, traces 65–75 on Profile 5, traces 50–65 on Profile 
6, and traces 200–220 on Profile 7. Another source of 
noise is related to large blocks inside the debris infill, 
which are not big enough to be clearly imaged at given 
horizontal resolution, but produce a strong signal 
scattering. Since there were no above the ground 
objects in the surveyed area, such as trees, pillars, or 
power lines, there were no problems with the so-called 
air-reflections which can be a very problematic source 
of noise in some regions when using unshielded GPR 
antennas, especially in forests or in urban areas.
The preliminary interpretation of radargrams has 
shown that the cave entrance itself, as an open 
space (void) inside the limestone, is not visible on 
any radargram. This was not surprising since the 
cave entrance is very narrow and most probably filled 
with debris. If there is a large enough cave chamber 
or gallery, it is normally visible on the radargram 
as a distinct hyperbolic shape of reflections (Gosar, 
2012). On some radargrams, there are in fact some 
hyperbolic diffractions visible below the debris infill, 
but they cannot be an indication of a cavity. They 
resulted from multiple reflections inside a concave-
shaped local depression. Such hyperbolic features are 
visible in Profile 1 (traces 120–150), Profile 2 (traces 
155–185), and Profile 5 (traces 75–115).
Since it was clear that the cave entrance could not 
be directly detected, the interpretation was targeted to 
reveal the shape of the contact between the artificial 
infill composed of debris and the limestone bedrock 
as accurately as possible. In all profiles there is a 
clearly visible difference in the character of reflections 
between the upper part (the green-coloured layer in 
Figs. 6–8) and the lower part. It was interpreted as a 
boundary between the debris infill and the bedrock. 
The debris infill is characterized by a near absence 
of reflections or by very weak reflections. Only in 
certain parts (traces 160–210 in Profile 3, traces 
180–225 in Profile 6, and traces 5–80 in Profile 7) there 
are strong subhorizontal reflections visible within 
this layer, but their origin is unknown. On the other 
hand, the underlying bedrock is mostly characterized 
by a series of strong reflections just below the 
boundary, visible down to the maximum depth of 
around 13 m. In greater depths the radargrams are 
characterized by an absence of any reflections due to 
the homogeneous limestone.
The contact between the artificial debris infill 
(green-color in Figs. 6–8) and limestone bedrock was 
carefully traced and interpreted on all radargrams. In 
four N – S oriented profiles (Figs. 6 and 7), a very clear 
depression in the contact is visible with the deepest 
point at 7 m in Profile 1, 6 m in Profile 2, 6 m in Profile 
3, and 6.5 m in Profile 4. The depression is nearly 
symmetrical and does not change its shape much in 
the 25 m-wide band covered by these four profiles. The 
initial southern parts of all profiles were measured 
on the bedrock, therefore no debris infill is visible 
there. On the other hand, all profiles terminate in the 
north within the debris infill, which is still around 
4 m thick there. All three W – E oriented profiles (Fig. 8) 
were measured in their total lengths across the debris 
infill, but its thickness varies considerably, revealing 
a clear shape of a reverse arch-shaped depression 
in the bedrock topography. At the deepest point all 
the profiles show the maximum debris thickness of 
around 6.5–7.5 m. Elsewhere on the profiles, the 
debris thickness varies between 4.5 and 6.5 m.
Based on the interpretation of the contact between 
the debris infill and the bedrock in all seven GPR 
profiles, the local minimum in the topography was 
determined at the point indicated with a cross in 
Fig. 4 as the most probable location of the S-19 Cave 
entrance. The maximum thickness of the debris at 
this point was determined to be 6.5–7 m. This location 
was marked in the field by a red pole (Fig. 9).
A thickness of 6–7 m and a very loose debris infill, 
which also includes some large rock blocks, presented 
a big challenge for the excavation of the cave by 
the dredger (Fig. 10a), followed by manual work of 
speleologists. The substantial effort was rewarded 
by the actual opening of the cave entrance at the 
location determined by the GPR measurements. The 
estimated depth of 7 m was proved to be precise. A 
big supporting wall made of rock boulders (Fig. 10b) 
was built to protect the nearby road from collapsing. 
A metal tube was then installed into the cave entrance 
to enable permanent access to the cave and the debris 
infill put back in place.
CONCLUSIONS
Geophysical investigations have an important role 
in karst exploration. They are aimed at solving a wide 
range of different problems, from the mitigation of 
geotechnical hazards for infrastructural projects to 
the search and protection of groundwater resources. 
The detection of underground caves, galleries, 
and chambers for speleological or groundwater 
investigations or to avoid unexpected and dangerous 
surface collapses is among the interesting cases of a 
successful application of different geophysical methods. 
A very specific case of a search for a cave entrance 
which was buried by an artificially built protection 
dyke was presented in our study. A low frequency GPR 
method was selected as the only applicable method 
in given conditions. Although the investigated area is 
characterized by a very rough surface, measurements 
using special rough terrain antennas were successfully 
conducted. Since the cave entrance is quite narrow, 
it was impossible to directly detect the cavity itself. 
Knowing the approximate original topography of the 
area before a thick layer of debris was put in place, 
we hoped that it would perhaps be possible to find the 
cave entrance by locating the exact position of the local 
depression inside the rugged karstified terrain. The 
acquired radargrams have shown a clear difference 
in signal characteristics between the debris infill and 
the limestone bedrock. By a careful interpretation of 
the debris-bedrock contact we revealed the shape of a 
local depression and determined its deepest point as 
the most probable location of the cave entrance at the 
depth of approx. 7 m. Topographic correction which 
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Fig. 9. The photo of the investigated area. The location of the cave entrance as 
determined from the GPR investigations is shown with a red pole.
Fig. 10. a) Excavation of the cave entrance by the dredger; b) situation after completing 
the dredger excavation; loose debris material required building a protection wall built 
from rock boulders (Foto: G. Pintar).
should normally be applied to GPR data was 
omitted due to equipment/time limitations, 
which is acceptable approach only for such 
rather specific case to find local minimum in 
debris-bedrock contact. A large excavation 
performed by a dredger followed, proving that 
the cave entrance was properly located and 
the thickness of debris precisely estimated. 
The application of the advanced geophysical 
method therefore proved successful in 
providing a solution to this very specific case 
in karst exploration and the S-19 Cave in the 
Mt. Kanin massif, which is very important 
from the speleological point of view and is also 
an example of natural heritage, was made 
accessible again.
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INTRODUCTION
The term anchialine, from the Greek “anchialos” 
meaning “near the sea”, is generally used in reference 
to ‘tidally-influenced subterranean estuaries within 
crevicular and cavernous karst and volcanic terrains 
that extend inland to the limit of seawater penetration’ 
(Stock, 1986; Iliffe, 1992; Bishop et al., 2015). Despite 
tidal influences acting through small conduits and/or 
the porosity of the surrounding limestone or volcanic 
rock, anchialine systems have restricted biological 
connectivity with adjacent water bodies and their 
associated ecosystems (Iliffe & Kornicker, 2009; 
Becking et al., 2011; Bishop et al., 2015). Anchialine 
caves are occasionally interconnected, forming 
extensive underground networks and giving rise to 
large and spatially complex habitats (e.g., cenotes in 
the Yucatan Peninsula, Mexico, Beddows et al., 2007; 
Mylroie & Mylroie, 2011). Anchialine caves’ stratified 
waters often further increase their habitat complexity 
(Moritsch et al., 2014). This stratification involves a 
surface layer of meteoric freshwater, separated from 
underlying marine water by a halocline or mixing 
zone, where dissolved oxygen levels are low or absent 
and clouds of hydrogen sulfide occur (Fig. 1, Sket, 
1996; Humphreys, 1999; Iliffe, 2000; Seymour et al., 
2007; Becking et al., 2011; Gonzalez et al., 2011). 
Anchialine systems are widely distributed around 
the world, mostly isolated from each other, and 
occurring on karst or volcanic coastlines of islands 
and peninsulas. Partially explored locations include 
(but are not limited to) the islands of the Bahamas, 
Bermuda, Galapagos (Ecuador), Hawaii (U.S.A.), the 
Ryukyus Archipelago (Japan), Canary and Balearic 
Islands (Spain), the Philippines, Indonesia, Christmas 
Island and Barrow Island (Australia), and peninsular 
areas of the Yucatan (Mexico), Belize and Cape Range 
(Australia, Iliffe, 1991; Jaume et al., 2001; Humphreys, 
2002; Pesce & Iliffe, 2002; Fosshagen & Iliffe, 2004; 
Kano & Kase, 2004; Namiotko et al., 2004; Koenemann 
150 Pérez-Moreno et al.
International Journal of Speleology, 45 (2), 149-170. Tampa, FL (USA) May 2016 
et al., 2009a; Russ et al., 2010; Becking et 
al., 2011; Gonzalez et al., 2011). Anchialine 
habitats are locally known by a variety of 
names: the most notable being Australia’s 
“sinkholes”, Belize’s and the Bahamas’ “blue 
holes”, and the Yucatan’s “cenotes” (from 
the Maya word ts’onot, Jaume et al., 2001; 
Iliffe & Kornicker, 2009; Humphreys et al., 
2012). These habitats can take a variety of 
different forms including pools, lava tubes, 
faults in volcanic rock, karstic limestone cave 
systems, and connected groundwater (Fig. 2, 
Iliffe, 1992; Namiotko et al., 2004; Becking et 
al., 2011; Mylroie & Mylroie, 2011), yet they 
all share the same characteristic patterns 
of stratification and limited biological 
connectivity with surrounding environments 
(Kano & Kase, 2004; Hunter et al., 2007; 
Porter, 2007).
Anchialine caves have a relatively young 
history in their current state and locations 
(Mylroie & Mylroie, 2011), originating when 
formerly dry caves were flooded by rising, 
post-glacial sea-levels in the early Holocene 
(11,650-7000 years ago, Becking et al., 2011; 
Smith et al., 2011). However, anchialine 
habitats have existed for millions of years 
(Iliffe, 2000; Suárez-Morales et al., 2004; 
Sathiamurthy & Voris, 2006; Becking et 
al., 2011). Previous studies of cave geology 
have shown that a great number of extensive 
and complex caves were formed by the 
cyclical sea-level changes associated with the 
Quaternary period (~2.5 million years ago 
to present, Mylroie & Mylroie, 2011), while 
the fossil record indicates that the putative 
ancestors of modern anchialine fauna were 
already present in marine systems hundreds 
of million years ago (e.g., remipedes ~328-
306 mya, atyid shrimp ~145-99 mya, Brooks, 
1955; Emerson, 1991; von Rintelen et al., 
2012; Moritsch et al., 2014). It is therefore 
possible that the colonization of anchialine 
caves and similar marine crevicular habitats 
has been occurring since at least the 
late Jurassic (i.e., the thaumatocypridid 
ostracod Pokornyopsis feifeli Triebel, 1941, 
Fig. 1. Schematic representation of an anchialine cave system. A) “Blue hole”, “Cenote” or “Sinkhole” opening to the 
surface; B) Meteoric freshwater lens upper stratum; C) Halocline or mixing zone – often accompanied by a layer of 
hydrogen sulfide by-product of microbial activity; D) Hypoxic saltwater lower stratum – devoid of sunlight, food webs 
in this habitats are likely to depend on chemosynthetic microbial communities. Diagram by J.M. Song-López.
Fig. 2. Anchialine systems can be found in a range of different forms including (but not 
limited to): A) karst cave systems (Crystal Cave, Bermuda – photo by J. Heinerth);  
B) lava tubes (Jameos del Agua, Lanzarote, Canary Islands, Spain – photo by  
J. Heinerth), and C) pools (Angel Pool, Bermuda – photo by T. Thomsen).
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Iglikowska & Boxshall, 2013; Jaume et al., 2013). 
The particular geochemistry that distinguishes 
anchialine habitats (low dissolved oxygen, stratified 
and oligotrophic waters, Moore, 1999; Seymour et al., 
2007; Pohlman, 2011; Neisch et al., 2012), coupled 
with the distributional patterns and isolation of 
these cave systems has allowed for a high proportion 
of endemism among their autochthonous fauna 
(Iliffe, 1993; Myers et al., 2000; Porter, 2007; Iliffe & 
Kornicker, 2009). Due to these circumstances, novel 
and complex chemosynthetically based food webs 
have arisen, analogous to those found in the deep 
seas (Sarbu et al., 1996; Engel et al., 2004; Opsahl 
& Chanton, 2006; Engel, 2007; Porter et al., 2009; 
Pohlman, 2011). 
Recent improvements in scientific cave diving 
technology and techniques (e.g., mixed-gas rebreathers) 
have facilitated access and greatly contributed to 
sampling capabilities in anchialine cave systems (Iliffe 
& Bowen, 2001; Iliffe & Kornicker, 2009; Iliffe, 2012). 
Increased access to these systems has resulted in the 
description of numerous species, genera, families, 
orders and even a new class (Remipedia) previously 
unknown to science (Yager, 1981; Iliffe, 2002). 
However, the scarcity of modern genomic methods 
being employed in the study of anchialine ecosystems 
remains to be addressed. Although biospeleological 
studies that incorporate genetic methodologies have 
been previously conducted (Adams & Humphreys, 
1993; Porter, 2007; Page et al., 2008; Juan et al., 
2010), the use of modern sequencing technologies 
for the study of anchialine caves still lags behind 
their freshwater and terrestrial counterparts (e.g., 
Friedrich et al., 2011; Protas et al., 2011; Friedrich, 
2013; Gross et al., 2013), with perhaps the exception 
of some localized studies of specific taxa (e.g., Meland 
& Willassen, 2007; Russ et al., 2010; Neiber et al., 
2012; von Reumont et al., 2014). In this contribution 
we examine the current state of knowledge on 
anchialine cave ecology, biodiversity, and evolution 
and also discuss the advantages and possibilities that 
biospeleological investigations at the genomic level, or 
“speleogenomics”, will provide to the understanding 
of these fascinating systems – with special emphasis 
in the areas of biodiversity, phylogeography, and 
molecular evolution.
ECOLOGY AND BIODIVERSITY  
OF ANCHIALINE CAVES
Anchialine caves display unique species assemblages 
with biodiversity often varying not only by location, 
but also in response to abiotic factors such as tidal 
flux, salinity, temperature, dissolved oxygen, and 
water stratification (e.g., haloclines, Iliffe, 2002; 
Gonzalez et al., 2011). Cave food webs have been 
regarded as nutrient poor and dependent on external 
inputs of nutrients such as decaying organic matter 
(Dickson, 1975; Sket, 1996; Neisch et al., 2012), 
but recent discoveries have attributed considerable 
importance to the chemosynthetic activity of bacterial 
communities (Sarbu et al., 1996; Pohlman et al., 
1997; Engel et al., 2004; Engel, 2007; Seymour et 
al., 2007; Gonzalez et al., 2011; Humphreys et al., 
2012; Pakes et al., 2014; Pakes & Mejía-Ortíz, 2014), 
particularly with increasing distances from cave 
openings (Neisch et al., 2012). In fact, productivity 
of cave chemoautotrophic communities appears to 
correlate with diversity of heterotrophic microbes 
and of macro-invertebrates in higher trophic levels, 
which suggests that microbial diversity plays a role 
in mediating cave biodiversity (Engel, 2007; Porter et 
al., 2009). Chemosynthetic ectosymbioses between 
bacteria and several invertebrate phyla have been 
documented in similar ecosystems (Dubilier et al., 
2008; Goffredi, 2010), including freshwater caves 
(Dattagupta et al., 2009; Bauermeister et al., 2012). 
Recent studies suggest that analogous interactions 
occur in anchialine systems, with both ecto- and 
endosymbioses of chemoautotrophic bacteria having 
been found in two crustacean taxa (the remipede 
Xibalbanus tulumensis and the atyid shrimp 
Typhlatya pearsei) from anchialine caves (Pakes et al., 
2014; Pakes & Mejía-Ortíz, 2014). Other microbiota 
also present in anchialine caves include microscopic 
eukaryotes such as fungi, protozoa, and rotifers, but 
documentation on their biodiversity and ecological 
roles in anchialine caves is limited (Engel, 2007). 
Assemblages of anchialine cave fauna display 
unique variations and stratified ecological niches, 
due to thermoclines and haloclines, among and 
within caves. An interesting phenomenon observed 
in these systems is the assemblage cave “types” 
(e.g., Remipedia or Procaridid communities) – where 
similar crustacean communities of only a few 
different genera are found inhabiting different caves, 
often geographically distant from each other, and 
displaying predictable generic compositions (Poore & 
Humphreys, 1992; Jaume et al., 2001; Humphreys 
& Danielopol, 2006; Neiber et al., 2011). Remipede-
type caves typically contain remipedes and other 
crustacean stygobionts (aquatic and cave-dwelling) 
such as cirolanid isopods, hadziid amphipods, 
calanoid copepods, ostracods, thermosbaenaceans, 
and atyid shrimps; while Procaridid-type communities 
are characterized by the presence of shrimp from the 
genus Procaris Chace and Manning, 1972 along with 
a number of species of alpheid, atyid, and barbouriid 
shrimps (Chace & Manning, 1972; Humphreys & 
Danielopol, 2006; Neiber et al., 2011). The exact 
reasons underlying these phenomena of community 
“types” and disjunct distributions continue to be 
subject to investigation. The dominant hypothesis 
suggests that this community-type phenomenon is 
due to ancient geological patterns when many of these 
species and their ancestors originated (in the Tethys 
Sea during the Mesozoic), as these cave community-
types tend to be associated with particular geographical 
features (e.g., Procaridid-type communities are more 
commonly located on sea-mount islands, Humphreys, 
1999, 2002; Humphreys & Danielopol, 2006; Neiber 
et al., 2011). The underlying mechanisms and 
processes that gave rise to cave biodiversity and its 
ecology constitute one of the major research themes 
for modern biospeleology (Peck & Finston, 1993; Sket, 
1999; Juan et al., 2010).
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Stygobitic fish, particularly eel-like fish (orders 
Ophidiiformes, Synbranchiformes) and eleotrids 
(order Perciformes), can be encountered in anchialine 
caves (Williams et al., 1989; Humphreys, 2001a; 
Medina-Gonzalez et al., 2001; Wilkens, 2001; 
Larson et al., 2013). However, these habitats are 
clearly dominated by invertebrates both in terms 
of diversity and biomass (Iliffe, 2002). Anchialine 
invertebrates encompass a diverse range of taxa, e.g., 
annelids, arachnids, chaetognaths, echinoderms, 
gastropods, poriferans, turbellarians, but most 
importantly crustaceans (Culver & Sket, 2000; Engel, 
2007; Mejía-Ortíz et al., 2007; Iliffe & Kornicker, 
2009; Solís-Marín & Laguarda-Figueras, 2010; 
Bribiesca-Contreras et al., 2013). The reason for 
the high diversity of crustaceans, the endemism of 
higher taxa to anchialine systems, and their 
preponderance over other higher taxa is unknown 
(Stoch, 1995; Sket, 1999). The diversity, abundance, 
and widespread distributions of crustacean taxa 
in anchialine caves designate them as the ideal 
subjects for biospeleological, biogeographical, and 
evolutionary studies in these systems. The sub-
phylum Crustacea is most commonly represented 
in anchialine cave environments by organisms from 
the following taxa:
Order Decapoda (Class Malacostraca,  
Superorder Eucarida)
Stygobitic decapods (Fig. 3A) are broadly distributed 
throughout tropical and subtropical anchialine caves 
(Bruce & Davie, 2006; Hunter et al., 2007; Iliffe & 
Kornicker, 2009). Freshwater crayfish, and both 
brachyuran and anomuran crabs (e.g., Munidopsis 
polymorpha Koelbel, 1892) have been found inhabiting 
cave environments (Iliffe, 1993; Ng et al., 1996; Mejía-
Ortíz et al., 2003; Cabezas et al., 2012; Álvarez et al., 
2014), but the most common stygobitic decapods are 
the caridean shrimp (e.g., families Agostocarididae, 
Alpheidae, Atyidae, Barbouriidae, Hippolytidae, 
Palaemonidae, Chace & Manning, 1972; Jaume & 
Brehier, 2005; Hunter et al., 2007; Álvarez et al., 
2012), procarididean (e.g., family Procarididae, Chace 
& Manning, 1972; Felgenhauer et al., 1988; Bruce 
& Davie, 2006; Bracken et al., 2010), stenopodidean 
(e.g., family Macromaxillocarididae,  Álvarez et al., 
2006), and gebiidean (e.g., family Laomediidae, Iliffe & 
Kornicker, 2009) representatives living in anchialine 
systems around the world. Decapods are also among 
the most studied anchialine taxa, perhaps due to 
their charismatic nature and larger sizes (making 
them easier to be located and captured). However, 
the life-history, biogeography, and ecology of their 
anchialine cave inhabiting representatives for the 
most part remain poorly understood. Genetic studies 
of anchialine decapods have resulted in valuable 
insights on the phylogenetic position and biogeography 
of some species (for example Santos et al., 2006; 
Hunter et al., 2007; Page et al., 2008; Bracken et 
al., 2010; Botello et al., 2013), but investigations at 
the genomic or transcriptomic level remain scarce 
(Genomic Resources Development Consortium et al., 
2014; Justice et al., 2015).
Order Amphipoda (Class Malacostraca,  
Superorder Peracarida)
Stygobitic amphipods (Fig. 3B) are small “shrimp-
like” crustaceans that can be found in a variety 
of cave environments, including freshwater and 
anchialine caves, and are distributed across the 
world with a considerable number of species 
described from the Atlantic region (Southern 
Europe, the Mediterranean, North America, and the 
Caribbean, Culver & Pipan, 2009; Iliffe & Kornicker, 
2009). They are mostly represented in anchialine 
systems by a number of families from the suborder 
Senticaudata (e.g., Bogidiellidae, Hadziidae, Melitidae, 
Metacrangonyctidae Niphargidae, Salentinellidae, 
Jaume & Christenson, 2001; Iliffe & Kornicker, 
2009; Gràcia & Jaume, 2011). Recent molecular 
investigations have identified novel ectosymbioses 
between cave amphipods (Niphargus spp.) and sulphur-
oxidizing chemosynthetic bacteria (Dattagupta et al., 
2009; Flot et al., 2010; Bauermeister et al., 2012). 
Although such findings concerned freshwater species, 
the findings raise the possibility of similar symbioses 
occurring in these environments. 
Order Isopoda (Class Malacostraca,  
Superorder Peracarida)
Several families of isopods (e.g., Anthuridae, 
Asellidae, Atlantasellidae, Cirolanidae, Microcerberidae, 
Stenasellidae, Sphaeromatidae, Fig. 3C) are also found 
inhabiting cave systems, and their distributions 
tend to be relatively widespread. Isopods have been 
described from anchialine caves in Africa (Canary 
Islands), Asia (India, Indonesia, Japan, Malaysia), 
Europe (Mediterranean), North America (The 
Bahamas, Bermuda, Mexico and the Caribbean), 
Central and South America (Galapagos Islands), and 
Oceania (Australia and Polynesian Islands, Bruce & 
Humphreys, 1993; Botoşăneanu & Iliffe, 2006; Iliffe 
& Botoşăneanu, 2006; Iliffe & Kornicker, 2009). 
Cirolanids and sphaeromatid isopods are thought to 
have a marine origin, and are prevalent in anchialine 
systems, in contrast with other stygobitic families 
(e.g., Asellidae, Stenasellidae, Microcerberidae) that 
are likely to be product of colonizations from epigean 
freshwater habitats (Culver & Pipan, 2009). A limited 
number of anchialine isopods have been included in 
genetic studies (for example, molecular phylogeny of 
Cirolanidae in Baratti et al., 2010), but none of these 
have been conducted in the context of anchialine 
systems, nor at the genomic/transcriptomic level.
Orders Bochusacea and Thermosbaenacea (Class 
Malacostraca, Superorder Peracarida)
Bochusaceans are small (1.2 – 1.6 mm) swimming 
peracarids that display several morphological 
regressive adaptations to cave life (lack of pigmentation 
and visual organs, Guţu & Iliffe, 1998; Iliffe & 
Kornicker, 2009). Only two species of Bochusacea 
are known, inhabiting anchialine and submarine 
caves from the Bahamas and Cayman Islands (Guţu 
& Iliffe, 1998). Two other species are also known to 
be found in deep-sea environments (Guţu & Iliffe, 
1998; Jaume et al., 2006). There is presently only 
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a single bochusacean DNA sequence available 
online (small-subunit ribosomal RNA gene for 
Thetispelecaris remex), which resulted from a study 
that investigated peracarid monophyly (Spears 
et al., 2005). Thermosbaenaceans (Fig. 3D) are 
small (< 5 mm) and enigmatic stygobitic swimming 
crustaceans. They tend to live in the water column in 
proximity to the halocline, where they feed off organic 
matter and microbial communities that inhabit 
these density interphases (Gràcia & Jaume, 2011). 
They are globally distributed with some species 
found in Australia, Cambodia, the Mediterranean, 
and the Caribbean (Poore & Humphreys, 1992; Iliffe 
& Kornicker, 2009). Although they are believed to 
have originated from marine ancestors, no extant 
epigean marine species have been found (Sket, 
1996). Interestingly, thermosbaenaceans brood 
their young in a dorsal pouch, as opposed to a 
ventral marsupium as in the case of other extant 
peracarids (Olesen et al., 2015), and their brain’s 
olfactory lobe seems to be less developed than in 
other blind cave-dwelling crustaceans (Stegner 
et al., 2015). Similarly to bochusaceans, genetic 
resources for the order Thermosbaenacea are 
severely lacking. Of the four thermosbaenacean DNA 
sequences deposited in Genbank (National Center 
for Biotechnology Information), only one is from an 
anchialine representative (Tethysbaena scabra). 
Furthermore, this sequence for the 18S rRNA gene 
from T. scabra was simply used as an outgroup for 
an asellote isopod phylogeny (Wägele et al., 2003). 
Despite recent innovations and examinations of 
thermosbaenacean morphology (Olesen et al., 
2015; Stegner et al., 2015), genetic and genomic/
transcriptomic studies yet remain to be conducted.
Orders Mictacea, Mysida, and Stygiomysida  
(Class Malacostraca, Superorder Peracarida)
Fig. 3. Examples of various crustacean taxa found in anchialine caves: 
A) Parhippolyte sterreri (Decapoda); B) Pseudoniphargus grandimanus 
(Amphipoda); C) Bahalana caicosana (Isopoda); D) Tulumella sp. 
(Thermosbaenacea); E) Mictocaris halope (Mictacea); F) Bermudamysis 
speluncola (Mysida); G) Cumella abacoensis (Cumacea); H) Ridgewayia 
sp. (Calanoida); I) Spelaeoecia sp. (Ostracoda); J) Cryptocorynetes sp. 
(Remipedia) (Photographs of anchialine crustaceans by T. M. Iliffe).
Mictaceans (Fig. 3E) are relatively small (~3 mm) 
swimming peracarid crustaceans with only a single 
species in the order, Mictocaris halope (Bowman & 
Iliffe, 1985). This single representative of the order 
inhabits anchialine caves of Bermuda, primarily in 
the deeper and harder to access areas (Bowman & 
Iliffe, 1985). Stygobitic mysids (Fig. 3F) have a wide 
distribution with species endemic to anchialine 
caves in Africa, the Caribbean, Mediterranean, and 
India (Pesce & Iliffe, 2002; Iliffe & Kornicker, 2009). 
The Mysidacea has been split into two new orders, 
Mysida and Lophogastrida (Martin & Davis, 2001; 
Spears et al., 2005 Porter et al., 2007), with stygobitic 
mysids belonging to the former. However, more recent 
molecular analyses have concluded that the order 
“Mysidacea” actually consists of three monophyletic 
groups and strongly suggest classifying some stygobitic 
mysids from the Caribbean and Mediterranean in the 
proposed order of “Stygiomysida” (Meland & Willassen, 
2007; Porter et al., 2007). 
Orders Cumacea and Tanaidacea (Class Malacostraca, 
Superorder Peracarida)
Cumaceans (Fig. 3G) are peracarid crustaceans 
that can be found globally distributed with many 
species inhabiting areas as varied as the Australian 
Indo-Pacific to the Western Atlantic Ocean (Tafe & 
Greenwood, 1996a, 1996b; Petrescu, 2003; Petrescu 
& Iliffe, 2009). In the Western Atlantic region, 
cumaceans can be encountered both in oceanic 
basins (Petrescu et al., 1993; Petrescu, 1995) as well 
as in anchialine cave systems (Petrescu & Iliffe, 1992, 
2009). The physiology, life history, and ecology of 
most cumacean species are poorly understood 
(Gnewuch & Croker, 1973; Corey, 1981; Duncan, 1984; 
Corbera et al., 2008;), especially when concerning 
that of stygobitic species. Tanaidaceans are another 
group of anchialine crustaceans found across 
the globe, with specimens having been recovered 
from caves in the Western Atlantic (the Bahamas 
Islands) and the tropical Indo-Pacific (Fiji Islands 
and Palau, Guţu & Iliffe, 1989a; Guţu & Iliffe, 
1989b; Guţu & Iliffe, 2011). They are small dorso-
ventrally flattened crustaceans with generally highly 
chitinized bodies, although some cave species 
with softer bodies have been found (Guţu & Iliffe, 
1989a; Guţu & Iliffe, 1989b). Both cumaceans and 
tanaids are underrepresented in genetic studies 
in general (Shen et al., 2015), and especially in 
anchialine systems where these investigations are yet 
to be undertaken.
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Suborder Nebaliacea (Class Malacostraca, Order 
Leptostraca) and Subclass Tantulocarida 
(Superclass Multicrustacea)
Nebaliaceans are small shrimp-like benthic 
crustaceans typically from 5 to 15 mm long. Although 
they are mostly marine, an anchialine cave species 
of nebaliacean, known from the Turks and Caicos 
Islands, shares with its marine counterparts the 
ability to tolerate low-oxygen environments (Bowman 
et al., 1985; Walker-Smith & Poore, 2001). There 
are no genetic resources available for anchialine 
Nebaliacea. Tantulocarids are small crustacean 
ectoparasites usually associated with other 
crustacean hosts (Boxshall & Huys, 1989; Huys, 
1990). Stygobitic tantulocarids have been described 
parasitizing harpacticoid copepods in anchialine caves 
of the Canary Islands (Boxshall & Huys, 1989; Iliffe 
& Kornicker, 2009). Recent molecular phylogenetic 
investigations have suggested a close relation between 
tantulocarids and the subclass Thecostraca, and that 
Tantulocarida might in fact belong within this subclass 
as a sister group to Cirripedia (barnacles, Petrunina et 
al., 2014). However, the precise phylogenetic position 
of Tantulocarida still awaits further investigation 
(Petrunina et al., 2014).
Orders Calanoida, Cyclopoida, Harpacticoida, 
Misophrioida, Platycopioida (Superclass 
Multicrustacea, Subclass Copepoda)
Copepods (Fig. 3H) are amongst the most abundant 
and widely distributed taxa of aquatic animals, and 
exist in a wide range of environments across the globe 
(Boxshall & Defaye, 2008). Not surprisingly, several 
orders from the subclass Copepoda can be found 
inhabiting most anchialine caves (Rouch, 1994; Gràcia 
& Jaume, 2011). They are typically encountered in 
the water column where they filter feed, except for a 
number of benthic bio-film grazers (e.g., cyclopoids 
& harpacticoids), and predatorial (e.g., cyclopoids 
& epacteriscids) species (Rouch, 1994; Fosshagen 
et al., 2001; Suárez-Morales et al., 2004, 2006; 
Suárez-Morales & Iliffe, 2005a, 2005b, 2007; Iliffe & 
Kornicker, 2009). Stygobitic copepods often present 
troglomorphies such as the reduction or absence of 
eyes and enlargement of eggs (Rouch, 1968). Genetic 
studies of copepods from anchialine caves are rare, 
with only a few studies having sequenced them for 
molecular phylogenetic purposes (Huys et al., 2006; 
Figueroa, 2011).
Orders Halocyprida, Myodocopida, Platycopida, 
Podocopida (Class Ostracoda)
Ostracods (Fig. 3I) are a very diverse and abundant 
group, with approximately 980 species described from 
caves and other subterranean habitats (Martens, 2004; 
Iliffe & Kornicker, 2009; Hobbs, 2012). These small 
(~1 mm) bivalved crustaceans are active swimmers and 
as such are commonly found in the water column, which 
may be a contributing factor to their long dispersal 
abilities (Humphreys & Danielopol, 2006; Kornicker et 
al., 2009). Ostracods are distributed across anchialine 
habitats in both hemispheres, with some genera (e.g., 
Humphreysella) having representatives on opposite 
sides of the planet (Humphreys & Danielopol, 2006; 
Kornicker et al., 2008, 2009; Iglikowska & Boxshall, 
2013). Stygobitic ostracods are easily distinguishable 
from epigean representatives by the morphological 
differences associated with their adaptations to cave 
life (i.e., smaller size, lack of eyes and pigmentation, 
Danielopol, 1981). Even though anchialine ostracods 
have not received much attention from molecular 
biologists, genetic and genomic/transcriptomic 
studies of ostracods in other environments have been 
conducted with great success (Oakley & Cunningham, 
2002; Oakley, 2005; Oakley et al., 2013). These studies 
provide a great basis on which to build upon future 
investigations of anchialine cave ostracods, which are 
likely to yield interesting evolutionary insights.
Order Nectiopoda (Class Remipedia)
Remipedes (Fig. 3J) are an unusual class of blind 
crustaceans with extensive body segmentation 
and lateral biramous swimming appendages 
that superficially resemble polychaete worms. 
Characteristics such as their cephalic anatomy 
warranted their classification in the subphylum 
Crustacea (Yager, 1981), which was later confirmed 
by molecular studies (von Reumont et al., 2012). 
Remipedes follow similar distribution patterns to 
those of halocyprid ostracods (Kornicker et al., 
2007), and can be found exclusively in anchialine 
caves throughout the globe in a seemingly disjunct 
range of locations such as the Western Atlantic 
and Caribbean (Bahamas, Belize, Cuba, Dominican 
Republic, Yucatan), Africa (Canary Islands), and 
Western Australia (Sket, 1996; Yager & Humphreys, 
1996; Koenemann et al., 2003, 2004, 2007a, 2007c, 
2009a; Lorentzen et al., 2007; Daenekas et al., 2009; 
Neiber et al., 2011, 2012; Hoenemann et al., 2013; 
Koenemann & Iliffe, 2013). Although at first sight 
remipedes may appear morphologically primitive 
(Yager, 1994), they possess an advanced nervous 
system (Stemme et al., 2013), highly specialized 
feeding mouthparts for capturing prey (von Reumont et 
al., 2014), and they are the top predatory crustaceans 
in the low-oxygen anchialine systems they inhabit 
(Koenemann et al., 2007c; Iliffe & Kornicker, 2009). 
Remipede larvae are so far only known from a single 
species in one cave (Koenemann et al., 2007b; 2009b; 
Olesen et al., 2014). Recent investigations of the 
remipede Xibalbanus tulumensis (Yager, 1987) have 
found that in addition to feeding from particulate 
matter in the water column, this species harbors 
chemosynthetic bacteria in ectosymbiosis that allow 
for the uptake of inorganic carbon as a supplement to 
their diet (Pakes & Mejía-Ortíz, 2014). Furthermore, 
X. tulumensis has been shown to employ venom to 
capture and digest atyid shrimp, which makes it the 
first venomous crustacean ever documented (von 
Reumont et al., 2014). 
CURRENT ADVANCES AND FUTURE 
PROSPECTS
Despite difficulties and dangers of sampling in 
anchialine caves (Iliffe & Bowen, 2001; Iliffe, 2002, 
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2012), previous studies have made monumental 
contributions to the field and an extraordinary 
amount of novel diversity from these habitats 
has been described to present day. Although 
traditional sanger DNA sequencing technologies 
(Glossary Box 1) have provided valuable insights to 
biospeleology (including but not limited to species 
identification, phylogenetics, and estimates of genetic 
diversity, Juan et al., 2010), high-resolution molecular 
data from cave systems have the potential to greatly 
expand the depth and breadth of knowledge to be 
gained from these types of studies. “Next-generation” 
DNA sequencing technologies (NGS), which allow for 
the sequencing of thousands of loci and/or hundreds 
of samples at a time, have scarcely been used by 
biospeleologists (Juan et al., 2010; Friedrich et al., 
2011; Friedrich, 2013; Tierney et al., 2015). Previous 
biospeleological studies that incorporate genetic data 
to their investigation efforts have mainly focused on 
a single locus (for examples see: phylogeography – 
Caccone & Sbordoni, 2001; Buhay & Crandall, 2005; 
population genetics – Russ et al., 2010; phylogenetics 
– Neiber et al., 2011, 2012) or a limited number of loci 
at a time (for examples see: phylogeography – Villacorta 
et al., 2008; Trontelj et al., 2009; Zakšek et al., 2009; 
phylogenetics – Leys et al., 2003; Hunter et al., 2007; 
Lefébure et al., 2007; Zakšek et al., 2007; Page et 
al., 2008; von Rintelen et al., 2012; Hoenemann et 
al., 2013), with only a small portion of those studies 
employing four or more loci in their analyses (for 
examples see: phylogenetics – Bracken et al., 2010; 
Botello et al., 2013; population genetics – Adams & 
Humphreys, 1993). Employing a limited number of 
loci is suitable for the specific purposes that have 
been addressed so far, nevertheless the continuous 
development and improvement of molecular 
techniques offers an enormous potential for answering 
long-standing questions in biospeleology (Juan et al., 
2010). These technologies open the way for analyses of 
a much higher resolution at an accelerated pace, and 
facilitate work on whole genomes and transcriptomes 
(Shendure & Ji, 2008; Metzker, 2010; Lemmon et al., 
2012; Friedrich, 2013). Additionally, NGS has the 
ability to provide researchers with vast amounts of 
data in a cost-effective manner (Metzker, 2010). NGS 
has also permitted the development of techniques 
that target many loci and/or many samples at once 
(Lemmon et al., 2012), such as “Targeted Sequencing” 
(Glossary Box 1, Meyer et al., 2007; Mamanova et al., 
2010; Bybee et al., 2011a; Ekblom & Galindo, 2011; 
Hedges et al., 2011; Cronn et al., 2012; Grover et 
al., 2012; Hancock-Hanser et al., 2013; Stull et al., 
2013), “Anchored Hybrid Enrichment” (Glossary Box 
1, Lemmon et al., 2012), and other high-throughput 
methods (Binladen et al., 2007; Miller et al., 2007; 
Lemmon & Lemmon, 2012; Rohland & Reich, 2012; 
Peñalba et al., 2014). These methods, some of 
which have already been employed successfully for 
pancrustacean phylogenetics (Bybee et al., 2011b), 
are easily adaptable for other purposes where 
massively parallel sequencing would be advantageous 
(e.g., multi-locus phylogenetics, metagenomics, DNA 
barcoding, biodiversity assessments, etc., Glossary 
Box 1). In combination with non-destructive tissue 
sampling techniques, the high-throughput nature 
of NGS paves the way for studies with large sample 
sizes with a minimal impact on natural populations. 
Minimizing the impact of sampling is of particular 
importance when working with rare and endemic 
cave species, especially those with small population 
sizes such as many anchialine cave dwellers. These 
methodologies can be employed for biological research 
in caves and similar environments to answer questions 
in a diverse array of areas such as biogeography/
phylogeography (Porter, 2007; Juan et al., 2010; 
Lemmon & Lemmon, 2012; McCormack et al., 2013), 
ecology (Mock & Kirkham, 2012), phylogenetics/
phylogenomics (Bybee et al., 2011b; Lemmon & 
Lemmon, 2012; McCormack et al., 2013), cryptic 
speciation and evolution (Juan et al., 2010). The 
potential of next-generation sequencing has so far been 
demonstrated by the relatively few biospeleological 
studies that have successfully incorporated these 
modern techniques (e.g., Humphreys et al., 2012; 
Gross et al., 2013; O’Quin et al., 2013; von Reumont 
et al., 2012, 2014). 
Sanger DNA Sequencing: A methodology for sequencing DNA molecules based on in-vitro replication with the 
incorporation of labeled chain-terminating dideoxynucleotides. Sanger sequencing allows for the sequencing 
of longer DNA reads (typically up to ~1000 contiguous bases) in a single reaction. Despite its limitations of 
one sequence per reaction, it is still useful for smaller-scale applications. Its relatively longer reads are also 
of utility for the validation of Next-generation sequencing data.
Next-generation DNA Sequencing (NGS): A term used to describe a variety of modern high-throughput DNA 
sequencing technologies, including but not limited to: the Illumina platform, Roche 454 pyrosequencing, Ion 
Torrent, Pacific Biosciences. They are more cost-effective than Sanger DNA sequencing (in terms of number 
of base pairs sequenced per monetary unit), and in recent years their use has demonstrated their enormous 
potential for studies at the genomic and transcriptomic scales.
Targeted/Directed Sequencing: Refers to a type of sequencing where only a specific region of interest (i.e., 
partial gene fragment) in the genome is sequenced for a particular application. It can be used in conjunction 
with next-generation sequencing technologies for cost-effectiveness, which also allows for projects of a much 
larger scale than with Sanger DNA sequencing technologies.
Metagenomics: It refers to the sequencing and study of genes across whole communities in an environmental 
sample. It is especially useful as it allows for the examination of microbes that are typically uncultured in 
laboratory settings.
DNA Barcoding: The use of a given genetic sequence as an identifying marker or “barcode” for a given species. 
The best loci to use for this purpose may vary among taxa, however most recent efforts have focused on the 
mitochondrial cytochrome c oxidase subunit I or COI (animals and most eukaryotes), the nuclear ribosomal 
internal transcribed spacer or ITS (fungi), and the chloroplast rbcL and matK genes (plants).
Glossary Box 1.
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Cave biodiversity in the molecular era
Current molecular tools, such as DNA barcoding, 
allow us to identify species by using a DNA sequence 
in a specific genomic region as an identifier or 
“barcode” (Savolainen et al., 2005; Shokralla et al.; 
2014). DNA barcoding can be useful to discern species 
complexes that would otherwise go unnoticed due to 
morphological similarities or dissimilarities within a 
single species at different life-stages (Puillandre et 
al., 2011; Bracken-Grissom et al., 2012; Neiber et 
al., 2012). This is of special importance in anchialine 
caves and other subterranean systems where 
the possibility that troglomorphy and convergent 
evolution of morphological traits obscure phylogenetic 
relationships is significant (Wiens et al., 2003; 
Wilcox et al., 2004; Buhay & Crandall, 2005; Porter, 
2007; Trontelj et al., 2009). For example, Zakšek et 
al. (2009) investigated the seemingly widespread 
distribution of a common species of freshwater 
cave shrimp from the Balkan Peninsula (Troglocaris 
anophthalmus) and concluded that they should be 
considered distinct evolutionary significant units for 
conservation purposes. The study thus provides an 
example of how molecular tools can contribute to 
the delimitation of species with extensive convergent 
morphologies, which in turn could have important 
conservation implications. Molecular tools, such as 
DNA sequencing, will undoubtedly continue to be of 
importance for resolving cryptic species complexes 
that are pervasive in cave environments (Lefébure et 
al., 2007; Trontelj et al., 2009; Neiber et al., 2012). 
Similarly, morphological differences between life-
stages within a species are commonplace among 
crustaceans, and in many instances pose important 
challenges for organism identification and taxonomic 
classification. This is especially common in poorly 
studied or rare species, where adult-larval linkages 
have not been determined experimentally due to 
logistical difficulties in obtaining samples or difficulty 
of larval rearing. DNA barcoding has proven useful to 
link morphologically distinct adults and larvae of the 
same species. For example, Bracken-Grissom et al. 
(2012) employed DNA barcoding regions and molecular 
systematics to show that the mid-water species 
Cerataspis monstrosa was in fact the larval stage 
of the deep-sea shrimp Plesiopenaeus armatus. The 
high-throughput capabilities of NGS can substantially 
benefit DNA barcoding efforts by targeting specific 
amplicons over hundreds of samples at a time 
(Glossary Box 2, Floyd et al., 2002; Wu et al., 2009; 
Puillandre et al., 2011; Shokralla et al., 2014), making 
the sequencing and processing of numerous samples 
more efficient and cost-effective than with traditional 
Sanger DNA sequencing. These high-throughput 
capabilities can be especially useful for applications 
such as species identification, creation of species 
inventories (and large scale projects, such as the 
Barcode of Life initiative), detection of cryptic species 
complexes, and species delimitation (Savolainen et 
al., 2005; Bickford et al., 2007; Hajibabaei et al., 
2007; Ratnasingham & Hebert, 2007; Trontelj et al., 
2009; Niemiller et al., 2013; Shokralla et al., 2014), all 
of which would be of benefit to research in anchialine 
caves (i.e., Bribiesca-Contreras et al., 2013). 
Phylogeography of anchialine cave ecosystems
The vast amounts of genomic data that are possible 
to obtain with current technologies can be used to 
investigate evolutionary rates, diversification, and 
speciation among anchialine cave fauna, as well as 
enabling the investigation of population structure and 
gene-flow patterns at an unprecedented resolution 
(Leys et al., 2003; Porter, 2007; McCormack et al., 
2013). Furthermore, these kinds of molecular data 
can be used to answer questions regarding the 
intriguing distribution patterns of cave fauna, such 
as the determination of species origins aligning with 
the climatic-relic or adaptive-shift hypotheses (Leys et 
al., 2003). In biogeographical terms, anchialine fauna 
have provided a very interesting source of debate, 
where several models have been proposed to explain 
their origins (Suárez-Morales & Iliffe, 2005a; Porter, 
2007; Culver et al., 2009; Iliffe & Kornicker, 2009). 
The vicariance hypothesis states that the distribution 
of present-day anchialine fauna can be explained by 
plate tectonics, whereas the dispersal models suggest 
that stygobitic species dispersed to their present 
location when non-cave sister species invaded and 
adapted to cave environments (Jaume et al., 2001; 
Iliffe & Kornicker, 2009). The actual mechanisms that 
gave rise to contemporary anchialine fauna are likely 
to be a more complex combination of the previously 
mentioned models (Culver et al., 2009). Molecular 
studies provide the opportunity to test these hypotheses 
(Page et al., 2008; Juan et al., 2010). A number of 
comparative phylogeography studies have already 
been undertaken to explain the evolutionary origins 
and distributional patterns of cave fauna (Caccone & 
Sbordoni, 2001; Espinasa & Borowsky, 2001; Hunter 
et al., 2007; Ribera et al., 2010; von Rintelen et al., 
High-throughput sequencing: Refers to sequencing technologies that are able to generate vast amounts of 
data in a timely and cost-effective manner.
mtDNA: Mitochondrial DNA is the DNA contained within the mitochondria organelles in eukaryotic organisms. 
mtDNA is derived from bacterial genomes early in eukaryotic evolution, and thus has different evolutionary 
origins than nuclear DNA. In most organisms it is exclusively maternally inherited.
Haplotypes: Refers to a set of genetic variations in a DNA sequence that share common inheritance. The 
scale of these variations and determination of haplotypes can be from Single Nucleotide Polymorphisms 
(SNPs) in a particular locus to groups of alleles on the same chromosome that are inherited together.
RNA-Seq: The term refers to the high-throughput sequencing of RNA from a specific tissue or organism 
at a discrete point in time. This provides the research with a snapshot of what is occurring in terms of 
transcription in that precise moment. Transcriptomic data can be used for studies in a wide range of areas 
such as evolution, development, physiology, adaptations to changing environments, and responses to 
physicochemical challenges.
Glossary Box 2.
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2012). Although in the case of most taxa, the evidence 
of their origins remains inconclusive at best (Phillips 
et al., 2013), the incorporation of modern molecular 
techniques with datasets at the genomic scale will 
undoubtedly shape the future of this research area 
[e.g., with use of phylogenomic approaches (Leaché 
et al., 2014)].
One method that can be applied to fine-scale 
questions of phylogeography (i.e., population to 
species) is Restriction-site associated DNA sequencing 
(i.e., RAD-Seq, Glossary Box 2). This is a methodology 
that allows for the sequencing, identification, and 
use of thousands of genetic markers, such as Single 
Nucleotide Polymorphisms (SNPs), distributed across 
hundreds of loci (Ekblom & Galindo, 2011; McCormack 
et al., 2012, 2013). Restriction-site associated DNA 
sequencing reduces the complexity of the genome to 
be investigated with the use of restriction enzymes, 
which allows for genome-wide analyses to be 
performed without the computational and financial 
requirements of working with whole genomes (Davey 
& Blaxter, 2010; Davey et al., 2011; Toonen et al., 
2013). RAD-Seq provides high-resolution data that 
enable the identification of potentially thousands 
of these genetic markers across individuals and 
populations that can be employed for further analyses 
(Davey & Blaxter, 2010; Peterson et al., 2012). For 
example, Coghill et al. (2014) used RAD-Seq to 
trace the colonization of caves by the blind Mexican 
cavefish Astyanax mexicanus. This methodology 
enabled them to find over 2,000 SNPs across the 
examined populations and provided evidence for 
at least four independent colonization events from 
surface populations to the caves, which suggests 
parallel evolution of the cave phenotypes observed in 
these stygobitic fish.
Cave-inhabiting organisms can be used as a 
proxy for investigating the connectivity of intricate 
cave systems, by looking at patterns of gene flow 
and population connectivity. Many submerged cave 
systems form underground web-like tunnels that 
extend for several hundreds of kilometers (e.g., the 
Yucatan cave systems, Iliffe, 2000; Beddows et al., 
2007; Mylroie & Mylroie, 2011; Moritsch et al., 2014). 
The complexity of these cave systems makes them 
extremely challenging to be explored using traditional 
cave-diving methods, mainly due to technological and 
physiological constraints. Several studies have used 
stygobiont genetics to assess present or historical 
hydrological connectivity of cave systems (e.g., Culver 
et al., 1995; Verovnik et al., 2004; Krejca, 2005). Culver 
et al (1995), while examining cave-adapted populations 
of Gammarus minus in West Virginia (USA), found 
congruent patterns between genetic differentiation 
and hydrology even when accounting for the possible 
selective pressures of different habitats. Krejca (2005) 
compared mitochondrial DNA phylogenies of two 
lineages of aquatic isopods (Cirolanidae and Asellidae) 
to examine the evolution of aquifers in Texas (USA) 
and northern Mexico. Despite finding differences 
between the two species examined, which could 
be explained by their individual ecologies and life-
histories, Krejca (2005) found congruency between 
the crustacean phylogenies and the hydrogeological 
history of the examined systems. The molecular 
examination of these two cave-dwelling isopod 
species allowed her to test a priori biogeographical 
hypotheses and investigate the evolution of the 
aquifers studied (Krejca, 2005). Further, Verovnik et 
al. (2004) also used molecular data (mtDNA, Glossary 
Box 2) of a crustacean species (Asellus aquaticus), in 
combination with paleogeographical information, to 
reveal possible scenarios of hydrological history of the 
Dinaric karst in the Balkan Peninsula. A study in the 
Pilbara region of Western Australia uncovered similar 
patterns amongst subterranean amphipods (Finston 
et al., 2007), where the mitochondrial haplotypes 
(Glossary Box 2) found were congruent with the 
hydrology of the tributaries examined as previously 
hypothesized (Humphreys, 2001b). Anchialine cave 
system hydrology can be similar to that of freshwater 
karstic cave systems, with the added complexity of 
underground connections to marine waters. Santos 
(2006) investigated the population genetics and 
connectivity patterns of the iconic Hawaiian anchialine 
shrimp Halocaridina rubra. Amongst his findings, he 
determined that there appears to be strong population 
subdivisions and a clear genetic structure particularly 
when surface distances between anchialine pools 
exceeded 30 km. Santos’ (2006) results also suggest 
that dispersal through subterranean conduits between 
anchialine pools is of more importance for this species 
than oceanic dispersal. These results contrast with 
Kano and Kase’s (2004) findings of extensive oceanic 
dispersal by anchialine gastropods, further illustrating 
the importance of meticulous consideration of study 
species for cave connectivity purposes – where the 
chosen species’ dispersal abilities should correspond 
to the geographical scales under investigation. 
Coupled with NGS technologies, these could offer a 
compelling alternative for the investigation of cave 
connectivity, by using population genomics as a 
proxy via methodologies such as RAD-Seq. Reduced-
representation genome sequencing methodologies 
offer an unprecedented resolution (even compared 
to microsatellites) to genotype populations of cave 
organisms by sampling thousands of genomic regions 
at a time (Bradbury et al., 2015). The population 
structure and gene-flow patterns of those stygobiont 
populations could then be employed for a fine-scale 
evaluation of the connectivity of the anchialine caves 
under investigation, and complement traditional 
exploration efforts (e.g., scientific cave diving, Iliffe & 
Bowen, 2001; dye-tracing, Beddows & Hendrickson, 
2008) of these spatially complex habitats.
Evolution of troglomorphy
RNA sequencing (RNA-Seq, Glossary Box 2) can 
provide invaluable resources for evolutionary studies 
of cave biota. The term RNA-Seq refers to the high-
throughput sequencing of RNA from a specific tissue 
or organism at a discrete point in time (Wang et al., 
2009; De Wit et al., 2012). This is achieved by reverse 
transcribing extracted RNA to cDNA, followed by high-
throughput sequencing by an NGS platform (e.g, 454 
pyrosequencing, Illumina, PacBio), and subsequent 
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de novo assembly of the sequenced reads or the 
alignment of these reads to reference genomes (Wang 
et al., 2009; Deyholos, 2010; Martin & Wang, 2011; 
Zhang et al., 2011; De Wit et al., 2012). The resulting 
transcriptome assembly can then be characterized 
to identify the transcripts that are being expressed 
in that tissue, organism, and/or life-stage (Ekblom 
& Galindo, 2011; De Wit et al., 2012). Albeit being 
purely descriptive, a characterized transcriptome 
provides a base on which to build further analyses. 
The characterized transcriptome assembly can 
be used as a reference and both the original and 
additional sequenced reads (for other treatments, 
for example) can be mapped back to the assembly 
to obtain quantitative data of gene expression and 
genetic variation (Ellegren, 2008; Deyholos, 2010; 
Ekblom & Galindo, 2011). These data can be further 
utilized for a variety of applications such as the 
development of molecular markers and even the 
identification of events associated with speciation 
processes (i.e., alternative splicing, Harr & Turner, 
2010; Ekblom & Galindo, 2011). The small size of RNA 
sequence datasets, in comparison with whole-genome 
data, can also be valuable for the identification of 
new molecular markers and of novel proteins from 
non-model organisms in a computationally efficient 
manner. Additionally, transcriptomic data can be 
used for studies in a wide range of areas such as 
evolution (Harr & Turner, 2010; Friedrich et al., 2011; 
Rehm et al., 2011; Wong et al., 2015), development 
(Zeng et al., 2011; Ichihashi et al., 2014), physiology 
(Dassanayake et al., 2009; Harms et al., 2013; Groh 
et al., 2014), adaptations to changing environments 
(Deyholos, 2010; Friedrich, 2013; Harms et al., 2013), 
and responses to physicochemical challenges (e.g., 
biomonitoring & ecotoxicogenomics, Watanabe et al., 
2008; Suárez-Ulloa et al., 2013a, 2013b).
RNA-Seq (Wang et al., 2009) can also be used to 
address more basic questions of cave evolution, 
by investigating the “speleotranscriptome” – 
the transcriptomic profile of stygobitic fauna’s 
physiological and morphological adaptations (Gross 
et al., 2013). In addition, such investigations can set 
the stage for addressing broader questions regarding 
natural selection and the evolution of phenotypic 
diversity, novel molecular functions, and complex 
organismal features (Christin et al., 2010). Animals 
inhabiting cave environments usually undergo various 
distinct physiological, morphological, and behavioral 
changes, which together are commonly referred 
to as “troglomorphy” (Desutter-Grandcolas, 1997; 
Porter & Crandall, 2003; Mejía-Ortíz et al., 2006). 
Troglomorphic modifications can be classified in either 
progressive (constructive) or regressive (reductive) 
adaptations (Porter & Crandall, 2003; Mejía-Ortíz & 
Hartnoll, 2006; Mejía-Ortíz et al., 2006). In anchialine 
cave environments, stygobitic (aquatic and cave-
limited) fauna typically present a combination of both 
types of troglomorphism. Examples of progressive 
adaptations may include cases such as those of 
enlarged sensory and ambulatory appendages, 
increased numbers of chemoreceptor setae, or 
enhancement of spatial orientation capabilities (Turk 
et al., 1996; Li & Cooper, 2001, 2002; Mejía-Ortíz & 
Hartnoll, 2006;). Regressive modifications involve the 
decrease or loss of features present in their epigean 
(surface) counterparts, e.g., reduced pigmentation, 
reduction or loss of visual functions, or decreased 
metabolism (Sket, 1985; Wilkens, 1986; Mejía-Ortíz 
& López-Mejía, 2005; Mejía-Ortíz et al., 2006; Bishop 
& Iliffe, 2012). Troglomorphy is a perfect example of 
convergent morphological evolution where analogous 
traits have evolved in different lineages to adapt to 
similar environments (Caccone & Sbordoni, 2001; 
Wilcox et al., 2004; Protas et al., 2007; Bishop & Iliffe, 
2012; Mejía-Ortíz et al., 2013). Species from a variety 
of crustacean taxa have been documented to have 
convergent characters (e.g., pigmentation, Beatty, 
1949; Anders, 1956; body-size, Hobbs et al., 1977) by 
seemingly analogous mechanisms as adaptations to 
their subterranean life. This phenomenon poses the 
question on whether the underlying mechanisms of 
troglomorphy in cave crustaceans are also convergent 
at the molecular level. Although morphological 
and physiological convergence is well documented 
(Arendt & Reznick, 2008), particularly in the case 
of adaptations to extreme environments (including 
caves, Wiens et al., 2003; Wilcox et al., 2004; Protas 
et al., 2006, 2007; Dassanayake et al., 2009), cases 
of convergent molecular evolution remain elusive 
(Tierney et al., 2015). Nevertheless, it has been 
suggested that this seemingly rare occurrence may 
be simply a product of the low-resolution genetic 
sampling that has been prevalent in the last few 
decades (Castoe et al., 2010). Recent investigations 
at the genomic and transcriptomic levels have indeed 
revealed evidence of convergent molecular evolution 
associated to phenotypic convergence (see Foote et al. 
(2015) for genomic convergence in marine mammals, 
Pankey et al. (2014) for transcriptomic convergence 
in bioluminescent squid, and Tierney et al. (2015)
for transcriptomic convergence in subterranean 
beetles). A combination of transcriptomic and 
genomic approaches can help elucidate the 
strategies and mechanisms of adaptation to extreme 
environments (Benvenuto et al., 2015), as well as 
evaluate the prevalence of molecular convergence 
and the patterns it might follow in anchialine caves, 
where strong selective pressures could prompt for 
homologous mechanisms of genetic adaptation 
across different taxa.
Molecular studies of the evolution of special 
adaptations to extreme environments have been 
undertaken in a wide array of taxa; although to 
date most of these have focused on prokaryotes 
(Lauro & Bartlett, 2008; Sahl et al., 2011; Bonilla-
Rosso et al., 2012; Lesniewski et al., 2012; Baker 
et al., 2012, 2013; Orsi et al., 2013; Iwanaga et al., 
2014), plants (Gidekel et al., 2003; Dassanayake et 
al., 2009; Deyholos, 2010; Champigny et al., 2013; 
Liu et al., 2013; Torales et al., 2013), and vertebrates 
(Wilcox et al., 2004; Protas et al., 2006; Qiu et al., 
2012; Gross et al., 2013). However, recent NGS 
efforts that specifically target crustaceans in extreme 
environments have been embarked upon with very 
promising results (for examples see: Clark et al., 
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2011, Antarctic waters; Protas et al., 2011, freshwater 
caves; Harms et al., 2013, Arctic waters; von Reumont 
et al., 2014, anchialine caves; Wong et al., 2015, deep 
sea). For instance, Hinaux et al. (2013) used RNA-
Seq to show that the loss of vision in the Mexican 
cavefish Astyanax fasciatus is probably due to relaxed 
selective pressures on their visual genes, which 
showed numerous deleterious mutations. A similar 
occurrence was reported by Tierney et al. (2015), who 
analyzed the transcriptomes of three cave-dwelling 
beetles and found evidence of convergent loss of opsin 
photoreceptor transcription by neutral processes. 
Likewise, von Reumont et al. (2014) pioneered one 
of the first examinations of an anchialine crustacean 
transcriptome, and revealed that the remipede 
Xibalbanus tulumensis (Yager, 1987) is capable of 
producing and utilizing venom proteins for predation. 
This discovery not only provides evidence for the first 
and only venomous crustacean documented, but also 
illustrates the potential that NGS technologies offer 
to the biological and evolutionary study of anchialine 
cave ecosystems.
CONCLUDING REMARKS
Anchialine caves are unique ecosystems with highly 
specialized inhabitants, which are often endemic (Iliffe, 
2002). As such, these unique ecosystems function as 
natural laboratories (Mejía-Ortíz & Hartnoll, 2006; 
Gonzalez et al., 2011) that allow us to test numerous 
hypotheses concerning adaptation, speciation, and 
evolution. Furthermore, cave ecosystems present us 
with the opportunity to study organisms existing in 
habitats and conditions perhaps analogous to those of 
our planet many millions of years ago (Por, 2007). The 
special adaptations and evolutionary processes that 
gave rise to extant extremophiles, including some cave 
organisms, grant us the ability to examine questions 
regarding the origin and early evolution of life on 
our planet, and applications relating to these (i.e., 
astrobiology, Christin et al., 2010; Czyżewska, 2011; 
Gonzalez et al., 2011; Protas et al., 2011; Bonilla-Rosso 
et al., 2012). The unique processes and characteristics 
of anchialine caves (distribution, biogeochemistry and 
habitat stratification, chemosynthetic food-webs) and 
their biodiversity make them important communities 
to conserve in face of current anthropogenic threats 
(Myers et al., 2000; Iliffe, 2002; Porter, 2007; 
Mercado-Salas et al., 2013). Unfortunately, anchialine 
caves are often found in conflict with the impacts of 
anthropogenic forces such as tourism-driven habitat 
loss, pollution by sewage, overexploitation of aquifers, 
climate change, and others (Iliffe et al., 1984; Sket, 
1999; Iliffe, 2002). The distribution of these coastal 
caves in ‘desirable’ locations in the tropics often 
places them at a considerable disadvantage (Iliffe, 
2002). Numerous stygobiont species follow patterns of 
regional and even single-cave endemicity (Sket, 1999; 
De Grave et al., 2007), making them more prone to be 
severely impacted and becoming extinct as a result of 
pollution and habitat destruction. The opportunity to 
document and study anchialine cave biodiversity and 
evolution is a fleeting one (Wilson, 1985; Iliffe, 2002) 
and the potential for substantial discoveries is under 
threat of rapid decline and eventual disappearance.
Even though biological research in caves has seen 
significant advances in recent decades, new and 
emerging genomic technologies have just begun 
to scratch the surface of the underworld’s deepest 
mysteries. The adoption of these technologies not 
only will considerably expand the breadth of scientific 
questions that can be addressed and the depth with 
which these can be answered, but will surely provide 
us with necessary knowledge and tools to manage and 
conserve these intriguing and threatened habitats 
and their unique biodiversity. 
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Abstract: The aim of this study is to characterize in detail, the mineralogy of different-shaped 
concretions as well as to investigate the physico-chemical parameters of the associated mine 
drainage and drip waters in the Santa Barbara level of the Libiola Mine (NW Italy) by several 
geochemical and mineralogical techniques. Under the term “minothems” we are grouping all 
those secondary minerals that occur under certain form or shape related to the conditions 
under which they formed but occur in a mine, or in any artificial underground environment 
(i.e., "mine speleothems"). Different types of minothems (soda straw stalactites, stalactites, 
and draperies) were sampled and analyzed. Mineralogical results showed that all the samples 
of stalactites, stalagmite and draperies are characterized by poorly crystalline goethite. There 
are significant differences either in their texture and chemistry. Stalactites are enriched in 
Zn, Cd, and Co in respect to other minothems and show botryoidal textures; some of these 
exhibit a concentric layering marked by the alternation of botryoidal and fibrous-radiating 
textures; the draperies are enriched in V and show aggregates of sub-spheroidal goethite 
forming compact mosaic textures. Geochemical investigations show that the composition and 
physico-chemical parameters of mine drainage and drip waters are different from the other 
acidic mine water occurrences in different areas of the Libiola Mine, where minothems are 
less abundant. All mine water samples contain Cu, Ni, and Zn in appreciable levels, and the 
physico-chemical conditions are consistent with the stability of ferrihydrite, which however 
tends to transform into goethite upon ageing.
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INTRODUCTION
Speleothems are considered secondary mineral 
deposits formed by physical-chemical reactions 
from a primary mineral within the natural cave 
environment assuming a typical shape, depending 
on the environmental conditions in which they form 
(Hill & Forti, 1997). Most speleothems typically form 
from the precipitation of CaCO3 (either calcite or 
aragonite) in caves developed in carbonate bedrock. 
The term speleothem refers to the mode of occurrence 
of a mineral, i.e. its morphology, and not to its 
mineralogical or chemical composition (Hill & Forti, 
1997). Stalactites and stalagmites are speleothem 
types formed primarily by dripping water, elongated in 
the vertical direction of dripping and typically exhibit 
growth rates in the range of 0.01–1.0 mm per year 
(Perrette & Jaillet, 2010), depending on flow rate, cave 
temperature, and the saturation of the drip water. 
Seasonal changes in water availability may lead to 
the formation of annual layers, the thickness of which 
may vary as a response to precipitation changes at the 
surface (Baker et al., 2008; Fairchild & Baker, 2012).
Speleothems can also be composed of other 
carbonates, oxides, hydroxides, sulfides, sulfates, 
and silicates (Hill & Forti, 1997; Onac & Forti, 2011). 
Oxide and hydroxide stalactites, stalagmites, and 
flowstones are common in mine tunnels in supergene 
settings of ore deposits (Campbell & Barton, 1996; 
Jebrak et al., 1996), in lava tube systems (McFarlane 
et al., 2004; de los Rìos et al., 2011; Daza & Bustillo, 
2015) but also occur in natural carbonate caves (Onac 
et al., 2001, 2014; Frierdich et al., 2011; Frierdich 
& Catalano, 2012). In particular Fe and Mn deposit 
have been recognized in many cave environments 
and their formation is typically mediated by microbial 
processes (Kasama & Murakami, 2001; Northup & 
Lavoie, 2001; Barton & Northup, 2007; Baskar et al., 
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2008; de los Rìos et al., 2011; Frierdich et al., 2011; 
Daza & Bustillo, 2015). 
We define “minothems” as secondary mineral 
concretions forming in an artificial underground void, 
such as a mine or any other kind of tunnel (i.e. roman 
aqueduct, catacomb, highway tunnel, etc.). These 
voids can be carved in carbonate rocks, but can often 
be hosted in different geological materials, such as 
volcanic rocks (Tuccimei et al., 2006), granites, or any 
other type of solid rock. Only few data were published 
on Acid Mine Drainage (AMD) environments in 
which minothems mainly occur as Fe-rich minerals 
(Campbell & Barton, 1996; Jebrak et al., 1996; 
Banfield et al., 2000; Nordstrom et al., 2000; Onac 
et al., 2013; Peterson, 2003; Jamieson et al., 2005; 
Cabała & Bzowska, 2008; Arnold et al., 2011; Ara et 
al., 2013). In this case also the term “siderothems” has 
been used, but minothems should be preferred being 
a more general term regardless of their chemistry.
Although much information is available on the 
characterization and mode of occurrence of calcite and 
aragonite stalactites and stalagmites, the textural and 
mineralogical characteristics of concretions formed in 
AMD environment (minothems) is not documented in 
much detail.
The aim of this work is to characterize the different 
morphology and mineral chemistry of iron hydroxide 
minothems that form in the abandoned Libiola 
Fe-Cu-sulfide mine located about 8 km NE from 
the town of Sestri Levante (eastern Liguria, Italy) 
(Fig. 1). Nowadays, the site is characterized by active 
and intense AMD processes triggered by the supergene 
interaction between sulfide-rich mineralizations 
and atmospheric agents (Dinelli et al., 1998; 2001; 
Dinelli & Tateo 2002; Marini et al., 2003; Carbone et 
al., 2005; 2013). Sulfate-rich acid waters circulate 
within the underground excavations, in waste rock 
dumps and in the surrounding streams and runoff 
channels. As a consequence, large quantities of Fe-rich 
secondary minerals are produced; they occur both as 
muds and soft crusts inside the mine, and as loose 
suspensions associated with overland flows of mine 
waters (Marescottti et al., 2012). Waters percolating 
inside the galleries form numerous decorative dripstone 
features that coat the walls, ceilings, and floors of the 
mine creating a colourful array of yellow, orange, green, 
brown, and black minothems, mainly represented by 
soda straws, draperies, stalactites and stalagmites. 
Among the 27 underground levels of the Libiola Mine 
only very few have accessible entrances. The Santa 
Barbara level is partially preserved up to 1 km from its 
access and it was thus chosen for this study.
In this paper, we present the results of a detailed 
mineralogical and geochemical study of the different 
types of textures of Fe-rich minothems and their feeding 
waters and discuss their minerogenetic evolution.
Fig. 1. Location of the Libiola Mine and the main ophiolite bodies and schematic planimetric view of the mine galleries and Profile AB (without 
scale) indicating the sampling site in the Santa Barbara level; the main tunnel in which ochreous muds and acidic waters have been sampled is 
indicated (centre).
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MINOTHEMS
The Santa Barbara level of the Libiola Mine 
hosts a wide variety of minothems representative 
of what has been found elsewhere in artificial 
underground excavations (Fig. 2). Minothems are 
the counterpart of speleothems in natural caves, 
and generally show the same morphologies. 
However, the petrographical and geological 
differences of the host rock can cause significant 
distinctions in mineralogy, colour and shape of 
the minothems when compared to speleothems. 
Mine adits host soda straws, stalactites, 
draperies, stalagmites, columns, flowstones, 
gours, but can also contain pearls, rafts, 
coralloids (popcorn), moonmilk, and helictites 
(Fig. 3a-c). These are often composed of exotic 
minerals, mainly sulfates (melanterite, gypsum, 
epsomite) some of which are rather uncommon 
(Onac et al., 2003; Cabała & Bzowska, 2008; 
Gàzquez et al., 2014) and oxides-hydroxides 
(Banfield et al., 2000). Beside formations typical 
also for natural caves, some concretions are rather 
unique to these mine adits. Often the special 
geochemical environment, with low pH and high 
concentrations in metals in the percolating waters 
create the ideal place for specific microorganisms 
to proliferate. This bacterial activity is believed 
to enhance the precipitation of the ochreous 
concretions (de los Rios et al., 2011; Daza & 
Bustillo, 2015). Typical minothems related to 
Fig. 2. Schematic representation of a mine tunnel with the different 
kinds of minothems. The orange biomediated forms are those 
typically found in a mine environment.
microbial activity are the snottites (Fig. 3d), abundant 
also in sulfidic cave systems (Hose & Pisarowicz, 
1999; Jones et al., 2010) and the jellystones (Fig. 3e). 
These last are gelatinous flowstones containing large 
quantities of water and poorly crystallized minerals. 
They often have a surface made out of a series of 
minigours cascading downward (Fig. 3f). During 
drier periods their surface can get more solid, but 
when perforated the jellystone reveals its gelatinous 
characteristics. In Libiola Mine one of these jellystones 
ends in a small pool, at whose surface native copper 
is precipitating (Fig. 3g), most probably with the 
mediation of microorganisms.
Fig. 3. Minothems in Libiola Mine: a) General view of a mine adit with equipment 
and the soda straw stalactites hanging from the roof; b) Rafts; c) Stalagmites;  
d) Snottites; e) Jellystone; f) Microgours (detail of a jellystone); g) Native copper.
EXPERIMENTAL WORK
Sample location
The Libiola mining area develops along 27 levels, 
contains 7 open pits, and over 30 vertical shafts. The 
sulfide ore occurs within the Jurassic ophiolites of the 
Northern Apennines that are considered to be remnants 
of the oceanic crust underlying the western limb of the 
Jurassic Tethys (Abbate et al., 1980; Piccardo et al., 
2002; Piccardo, 2016) which consist of an ultramafic/
gabbroic basement overlain by a volcano-sedimentary 
sequence, that in the Libiola area comprises tectonic- 
and sedimentary-ophiolitic breccias, pillow basalts, 
and cherts. This deposit has been classified as a 
stratabound volcanic-associated massive sulfide deposit 
and consists of massive sulfide lenses in the upper part 
of a pillow lava flow, which is underlain by gabbro and 
serpentinite (Galli & Penco, 1996). At the footwall of the 
massive ore lenses, the sulfides infiltrated fragmented 
pillows, giving rise to a coarse network ore that grades 
downward into minute veins and fissures of stringer 
ore, within completely chloritized basalt. Sub-economic 
disseminated mineralizations are also present in the 
pillow basalts and serpentinized ultramafics. The sulfide 
assemblage in the Libiola stratabound deposit consists of 
pyrite and chalcopyrite with subordinate pyrrhotite and 
sphalerite, in a gangue of quartz, calcite and chlorite. 
Pyrite with minor chalcopyrite and rare sphalerite 
predominate in the stringer ore. Accessory titanite, Fe–Ti 
oxides, electrum, acanthite, native silver and uraninite 
are commonly found in the chlorite–quartz–calcite matrix 
of the ore (Zaccarini & Garuti, 2008).
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There is an extensive occurrence of mine wastes 
scattered throughout the entire mining area, and 
minor waste-rock and tailing dumps are mainly 
located close to the main mine adits.
The sampling site is the Santa Barbara Gallery 
(Fig. 1), which is the oldest underground excavation 
of the Libiola Mine, being started in 1859 at the 
beginning of the official exploitation. Its adit is located 
in the southern part of the mining area and the 
entrance is characterized by a well-preserved brick 
arch. The gallery crosses for the first 150 m strongly 
tectonized serpentinites and then continues within 
the pillow basalt. The massive mineralizations were 
located along the contact of these two lithologies, and 
this is where the main concentration of minothems 
has developed. The Santa Barbara level is connected 
with many other levels through shafts and winzes 
(Fig. 1). Along the main tunnel of S. Barbara level 
(Fig. 1) there is a constant presence of ochreous muds 
associated with weakly acidic waters (5.8<pH<6.1), 
and minothems are abundant.
Four sampling sites were chosen for collecting the 
muds and associated waters, whereas two different 
sites were selected for the sampling of various 
minothems (Fig. 1).
Water and mud sampling occurred along the entire 
tunnel. Mine water samples (labelled MW1, MW2, 
MW3, MW4) were collected using a plastic syringe 
trying to take only the clean water and pH, Eh, T 
and electric conductivity (EC) were measured in situ. 
Moreover, in MW3 sampling site two drip waters (DW) 
were taken. Drip waters were centrifuged and the 
remnant colloidal solid fraction was analysed using 
the TEM technique. Mud samples (labelled M1 M2, 
M3, M4) were collected by suctioning the loose flocs 
using a plastic syringe. Moreover, we collected drip 
waters from stalactites in plastic containers and pH, 
Eh, T, and EC were measured in situ.
Mud samples were filtered through a 16 µm membrane 
filter and then dried at room temperature for 48 hours 
for X-ray powder diffraction (XRPD) analyses.
Minothems were sampled in two different 
environments (Fig. 1): 1) along the main tunnel and 
2) in a small chamber localised in a short lateral 
closed tunnel. One sample of stalagmite (STG, 
Fig. 4a) and one of stalactite (ST, Fig. 4b) were 
collected in the main tunnel. In the small lateral 
chamber numerous minothems with different 
morphologies almost completely cover the roof. Two 
samples of draperies (DRP and VEL, Fig. 4c-d) were 
collected in this environment. In this chamber, 
no muds, waters and drip waters were present. 
A fallen piece of soda straw was also sampled for 
chemical analyses.
Mineralogical and chemical analyses  
on solid samples
The stalactite (ST), stalagmite (STG) and draperies 
(DRP and VEL) were characterized using XRPD, SEM 
(Scanning Electron Microscopy), ICP-AES (Inductively 
Coupled Plasma-Atomic Emission Spectrometry) 
and ICP-MS (Inductively Coupled Plasma-Mass 
Spectrometry) analyses.
The XRPD analyses were carried out (DISTAV, 
Genova University, Italy) using a Philips PW3710 
diffractometer (current 20 mA, voltage 40 kV, range 
2θ 5–80°, step size 0.02° 2 θ time per step 2 s) equipped 
with a Co-anode and interfaced with Philips High Pert 
software package for data acquisition and mineral 
identification (using PDF file as database).
Scanning electron microprobe analyses were 
performed with a “SEM VEGA3 TESCAN” (DISTAV, 
Genoa University) operated at 20 kV and equipped 
with an “EDAX-APOLLO_X DPP3” energy-dispersive 
(EDS) X-ray spectrometer. Data acquisition and 
elaboration used the TEAM EDS software.
The bulk-element composition (major, minor, 
and trace elements) of minothems was assessed 
by acid digestion (0.5 g powder leached with 3 mL 
2:2:2 HCl-HNO3-H2O at 95° for 1 h) followed by ICP-
AES and ICP-MS analyses (ACME Laboratory, Bureau 
Veritas,Vancouver, Canada).
Mud samples were analyzed using XRPD and ICP-MS 
techniques whereas the solid fraction of drip waters was 
analyzed by TEM (Trasmission Electron Microscopy). The 
TEM analyses were carried out with a Jeol JEM-2010 
TEM at 200 kV (DCCI, Department of Chemical and 
Chemical Industry of Genova University). The samples 
were prepared by grinding selected amounts of the 
specimens, which were ultrasonically dispersed in alcohol 
and then deposited on porous C-coated Cu grids. The 
analytical electron microscope (AEM) investigations were 
performed using an X-ray EDS system (Oxford Pentafet). 
The mineralogical identiﬁcation of the investigated solid 
phases was made through interpretation of Selected 
Area Electron Diffraction (SAED) patterns.
Water analyses
As already stated, in connection with the sampling 
of stalactites and muds, water flowing in the mine 
galleries and drip waters were also collected. T, pH, Eh 
and EC were measured in the field. Each sample was 
collected and stored using three different treatments 
that consisted in filtering, filtering and acidification 
(10% vol. HNO3) and no-treatment. Water samples 
were analysed (BiGeA, Bologna University) by titration 
(HCO3-), IC (Ion Chromatography) (F-, Cl-, and SO42-), 
AAS (Atomic Absorption Spectrometry) (Ca, Mg, Na, 
K) and ICP-OES (Inductively Coupled Plasma Optical 
Emission Spectroscopy (Fe, Mn, Co, Cu, Ni, Zn).
Fig. 4. Investigated samples: a) Stalagmite STG; b) Stalactite ST;  
c) Drapery DRP; d) Drapery VEL.
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RESULTS
Mineralogy and micromorphology of concretions
The XRPD data show the presence of goethite in all 
samples with different degree of crystallinity testified 
by the sharp broadening of some characteristic peaks. 
The different spectra show an increase in crystallinity 
from ST to DRP and VEL to STG samples (Fig. 5). 
Fig. 5. XRPD patterns of stalactite (ST), stalagmite (STG), drapery 
(DRP and VEL) samples.
The stalagmite STG is composed of a big hollow core 
(Fig. 4a) and shows a submillimetric layering of goethite 
FeO(OH) marked by an alternation of fine-grained 
materials of the same composition. SEM images 
(Fig. 6) also show that the stalagmite is composed of two 
different layers. Layer 1 is characterized by vermicular 
Fig. 6. SEM-BSE image of a stalagmite (STG) section in which different layer types  
(1 and 2) were distinguished.
The sample DRP is characterized by an elliptical 
hollow feeding tube (Fig. 8a) surrounded by layering 
marked by a rhythmic alternation of massive 
micrometric goethite layers and empty layers. Between 
each layer botryoidal to mammillary goethite develops 
from the massive toward the empty layer (Fig. 8b and 
c). EDS analyses evidence the same chemical features 
observed in the thin layers of stalactites (ST).
The sample VEL is composed of an alternation of two 
distinct zones (Fig. 9a). Zone 1 is characterized by thin 
layering of fibrous goethite with fibres radiating from 
the base of each layer (Fig. 9b). Unlike the previous 
type, the core is rarely empty and the surrounding 
layers show massive to irregular filling with botryoidal 
textures. Zone 2 is characterized by aggregates of sub-
spheroidal goethite forming compact mosaic textures 
(Fig. 9c). Both zones have chemical composition very 
similar to the stalagmite STG except for the presence 
of Ni enrichment and for the absence of Zn (Table 1).
In order to understand the presence of voids among 
the layers of the studied minothems, all samples 
have been observed by putting fragments on stub 
sample holders. SEM images (Fig. 10) show that 
between the botryoidal aggregates of goethite, both 
ultrathin layers (Fig. 10b) and microbiological shapes 
(Fig. 10 c and d) are present. These microbial 
components appear to be mainly composed of bacteria, 
spores and probably fungi in the form of filaments, 
microspheres and biofilm.
Mud and colloidal precipitates of drip waters
The XRPD results of muds display the presence of 
well crystalline goethite in all the samples (Fig. 11a). 
The solid fraction from drip waters was characterized 
goethite with evident flow structures. Layer 
2 is more dense and massive than layer 1 
and it seems to be formed by more compact 
aggregates of the same vermicular goethite. 
EDS analyses evidence a similar chemical 
composition of the two layers, that are almost 
exclusively composed of Fe with minor S, Si 
and Al, except for the higher levels of Zn in 
layer 1 and Cu in layer 2.
Microtextural studies using scanning 
electronic microscopy performed on ST, 
DRP and VEL thin sections show a strong 
morphological difference between the 
recognized types.
The stalactite ST is characterized by a 
concentric layering, centred along a hollow 
core (Fig. 7a, b). The layering is composed of 
the alternation of thick (up to 200 µm) and 
very thin (up to few µm) layers separated by 
voids. The thick layers show massive areas 
with mud cracks in the central parts and 
fibrous radiating areas toward the outer 
rims (Fig. 7c). The thin layers evidence 
a massive base from which botryoidal to 
mammillary textures develop (Fig. 7d). EDS 
analyses show similar chemical composition 
with respect to the other minothems except 
for the constant enrichment in Cu, Zn, and 
Ni (Table 1).
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Stalagmite VEL DRP ST
ST 
soda straw Muds
SiO2 (wt%) 0.43 1.02 0.57 2.04 5.51 1.41
Al2O3 0.03 1.00 0.19 0.65 1.30 0.80
Fe2O3 69.2 66.07 73.61 68.06 63.69 73.56
MgO 0.01 0.01 0.01 0.04 0.32 0.07
CaO 0.02 0.01 0.01 0.07 0.34 0.03
Na2O 0.01 0.01 0.01 0.01 0.01 0.01
K2O 0.01 0.01 0.01 0.01 0.01 0.01
TiO2 0.01 0.01 0.01 0.01 0.01 0.01
P2O5 0.09 1.36 0.20 0.37 0.07 0.10
MnO 0.01 0.01 0.01 0.04 0.11 0.03
LOI 950 20.24 24.22 21.92 22.23 22.77 25.47
Ni  (mg/kg) 0.2 3 0.7 44.7 180 15.1
Cu 475.2 4657 5401 6075 5215 7825
Zn 319 218 91 1357 2676 363
Co 3.1 2 1.1 42.4 140.1 18.6
V 8 512 228 201 28 63
Cr 30 75 30 30 30 30
As 1.6 4.6 1.2 3.5 5.4 0.5
Cd 0.1 0.3 0.1 5.4 17.8 2
Table 1. Bulk chemical composition of representative samples of the different samples and of muds 
from the S. Barbara tunnel (LOI: Loss On Ignition). 
Fig. 7. SEM-BSE image of representative stalactite ST a) cross-section; b) alternation of thick and 
thin layers separated by empty zones; c) thick layers with fibrous radiating areas; d) thin layers with 
botryoidal to mammillary textures.
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Fig. 8. SEM-BSE image of the drapery sample DRP a) cross-section; b) and c) layer of botryoidal to 
mammillary goethite.
Fig. 9. SEM-BSE image of the drapery sample VEL a) cross-section with an alternation of two distinct zones; b) thin 
layering of fibrous goethite c) mosaic texture with aggregates of sub-spheroidal goethite.
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by the presence of colloidal precipitates composed of 
ferrihydrite nanoparticles (Fig. 11b) and amorphous 
phases, which are the stable phases according to 
thermodynamic calculations (see discussion).
Bulk chemistry
The bulk chemistry of minothem samples and the 
muds is reported in Table 1. As concerns the major 
elements, iron is the most abundant element in all 
the minothem samples (Table 1) ranging from 63.69 
to 73.61 wt% Fe2O3. The ST soda straw contains 
impurities as testified by the higher concentrations 
of elements like SiO2, Al2O3, MgO, and CaO. SiO2 
Fig. 10. SEM images of minothems (a) showing thin layers between botryoidal goethite aggregates (b), and microbiological 
structures (c and d).
Fig. 11. a) XRPD spectra of mud samples and b) TEM image and in the inset SAED of ferrihydrite 2-line.
and Al2O3 were detected also in the VELA sample. 
It is interesting to note the high P2O5 concentration 
recorded in VEL sample (1.36 wt% P2O5), but also in 
all the other samples. Compared to the other samples, 
the mud is high in iron and has traces of all the other 
major elements. All the other elements have a large 
variability, although samples ST and ST soda straw 
show the highest metal concentration. In particular 
the ST soda straw has the highest concentration 
of Ni, Zn, Co, Cd and high Cu whereas ST records 
the highest Cu concentration reaching 6075 mg/kg. 
Copper is also high in the VEL and DRP samples, 
and one order of magnitude lower in STG. It is worth 
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mentioning that these three last minothems show 
the lowest concentrations of the considered trace 
elements, with the exception of V.
Water and drip water chemistry 
Drip samples are mildly acidic (5.8<pH<6.1) showing 
intermediate conductivity (2210-2640 µS/cm) and 
are dominated by magnesium and sulfate, with low 
concentration of dissolved iron but still containing 
traces of Cu, Ni, and Zn (Table 2). Waters draining 
the tunnel and in contact with mud samples have 
comparable pH, with higher electrical conductivity. 
They are depleted in iron but contain Cu, Ni, and Zn 
to appreciable levels (Table 2). Concerning the SO42- 
content, the water associated with muds shows higher 
values (1400-1800 mg/l) compared to drip water 
(about 800 mg/l). In order to identify the solid phases 
controlling the chemistry of the AMD solutions, Eh-pH 
stability calculations (Fig. 12) were performed with the 
application “act2” of the software “The Geochemist’s 
Workbench” (version 7.0; Bethke & Yeakel, 2014), 
using the LLNL Thermodynamic Database (Wolery, 
1992) supplemented by schwertmannite data from 
Bigham et al. (1996), Yu et al. (1999), and Kawano 
and Tomita (2001), ferrihydrite data from Majzlan et 
al. (2004), and jarosite data from Bigham et al. (1996).
Sample MW1 MW 2 MW 3 MW 4 MW1 MW2 MW3 MW4 DW1 DW2
Date June June June June July July July July June July
T (°C) 15.7 17.4 18.3 17.8 18.2 17.5 21 21.9 16.5 20.4
pH 6.1 5.9   5.9 5.9  6.8 6.6 6.5 5.8 6.8 6.0
Eh (mV) 450 423 360 368 365   442  361 446 228 457
EC (µS/cm) 2210 2290 2250 2640 2310 2210 2230 2200 860 1510
Ca (mg/L) 153.6 183.9 200.0 198.8 306.3 184.2 221.0 227.6 81.6 81.1
Mg 225.6 228.5 225.8 240.3 224.2 241.7 217.4 229.8 162.6 143.9
Na 9.2 8.6 8.8 8.8 9.0 9.7 8.9 8.9 10.3 11.0
K 4.4 5.0 5.0 4.6 6.1 4.8 4.4 4.6 0.7 1.0
Fe 0.2 0.4 0.1 1.0 0.5 0.3 0.1 0.5 <0.05 0.5
Mn 2.5 2.5 2.2 2.8 2.2 2.0 1.9 2.1 0.3 0.8
Co 0.3 0.3 0.2 0.3 0.3 0.3 0.2 0.3 <0.05 0.1
Cu 6.7 6.8 4.7 8.3 7.3 7.1 5.6 7.6 0.2 2.7
Ni 2.9 2.5 2.1 2.9 2.6 2.7 3.0 3.0 0.5 0.6
Zn 4.1 3.9 3.3 4.7 3.7 3.6 3.2 3.7 1.3 2.8
HCO3 42.7 18.3 24.4 36.6 30.5 30.5 27.5 21.4 30.5 21.4
F 0.7 0.3 0.4 0.8 0.3 0.3 0.9 1.1 0.1 0.3
Cl 4.8 11.1 4.0 5.8 4.4 3.0 4.7 4.3 29.0 7.2
SO4 1553 1547 1525 1831 1430 1444 1489 1492 822 808
Table 2. Chemical composition of mine and drip waters (MW and DW) sampled in 2010.
DISCUSSION
Among all the mine drainages of the area, the Santa 
Barbara level shows a weakly acidic drainage (Dinelli 
et al., 2001; Dinelli & Tateo, 2002; Marini et al., 
2003; Accornero et al., 2005; Marescotti et al., 2012) 
(Fig. 13a). Besides Santa Barbara, only the closed 
Margherita adit has water with a systematically 
higher pH (Carbone et al., 2013). The water 
chemistry is also different, shows a slightly higher 
Mg2+/SO42- molar ratio, compared to the other waters 
(Fig. 13b). This suggests a water chemistry evolution 
involving interaction with the local serpentinites (in 
which calcite veins occur), which leads to buffering 
of the initial acidity generated by sulfide oxidation 
(testified by SO42-) and promotes the precipitation of 
iron minerals.
Compared to data published on muds from other 
sites in the area (Dinelli et al., 2001; Marescotti et 
al., 2012; Carbone et al., 2012) those from Santa 
Barbara are characterized by a much higher Cu and 
Zn content, a feature that is shared also with many 
of the minothem samples. In other sites in the area 
copper-rich precipitates were observed in water with 
pH around 7 (Dinelli et al., 1998; Dinelli & Tateo, 
2002). The mine area, as well as the Santa Barbara 
Adit, actually has a pH close to 6, which could also 
cause an increase in copper adsorption onto goethite 
with or without the presence of organic substances, 
as testified by several authors (e.g., Kooner, 1993; 
Christophi & Axe, 2000; Buerge-Weirich et al., 2002; 
Ponthieu et al., 2006).
The Santa Barbara level of Libiola Mine hosts a 
wide variety of minothems very different in form 
and color from classic speleothems. In this setting, 
stalactites, stalagmites and drapery-like stalactites 
of goethite were found. In particular all morphologies 
of typical carbonate speleothems were recognized. 
Three main types of growth have been identified: 
(1) classical stalactite (ST) type that displays mostly 
cylindrical shapes with a hollow feeding channel; 
their axes are vertical, indicating that the deposition 
was influenced by gravity and that no tilting occurred 
since their formation. This type was characterized by 
a low crystalline goethite (Fig. 5) which forms massive 
layers and thin layers with botryoidal texture and 
contains some potential toxic elements such as Ni, 
Cu, Zn, and As. (2) Drapery (DRP) type related to 
deposition along the margin of a pendant drop and 
displaying an elliptical hollow core. The goethite 
is more crystalline than that in the true stalactite 
(Fig. 5) and the botryoidal growth of goethite is very 
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Fig. 13. Comparison of pH (a) and Mg2+/SO42- on a molar basis (b) of 
different types of waters flowing from adits and galleries in the Libiola 
mining area. Acidic: samples from Ida, Castagna, and Weirs; adits: 
samples from occasional water flow; Marg.: samples from Margherita 
tunnel; Santa Barbara: present work tunnel waters; drip: present work 
drip waters; spring-surface: spring and surface waters not affected by 
mine waters (data from Dinelli et al., 2001; Dinelli & Tateo, 2002; Marini 
et al., 2003; Accornero et al., 2005; Marescotti et al., 2012).
similar to that observed in the stalactite type. (3) The 
drapery (VEL) type is curved along its length because 
it formed along the flow path of droplets along the 
ceiling. Both drapery types were not present in the 
main tunnel and have only been found in the small 
lateral chamber. They are characterized by a more 
crystalline goethite than the others (almost all the 
peaks are present even if very broad, Fig. 5) with a 
vermicular and mammillary texture that tends to join 
and form massive and compact layers.
Stalagmites show a big hollow core with pan-
cake morphologies and are characterized by well-
crystallized goethite testified also by the massive 
aggregation in the observed thin sections.
The increase in crystallinity from stalactite to 
draperies (Fig. 5) and the different micromorphologies 
of the different minothems seem to be related to an 
ageing of goethite nanocrystals: the stalactite types 
have a faster growth compared to drapery types. 
The stalagmites have also a slow growth, supported 
by their pan-cake morphologies (Allison, 1923). 
Moreover, the botryoidal character of goethite could 
indicate rapid crystallization from supersaturated 
drip solutions, whereas the coarser crystallinity of 
goethite in draperies and stalagmites implies slower 
growth through time.
The Eh-pH diagram of Fig. 12 shows that the 
physico-chemical conditions are consistent with 
the stability of ferrihydrite, which however tends 
to transform into goethite upon aging. Few of the 
mud waters plot close to the metastability field of 
schwertmannite. The diagram is based on equilibrium 
reactions that could actually be changed by bacterial 
reactions able to modify the predicted stable phase 
(Fig. 12). The drip waters from stalactites, present 
prevalently in the main tunnel, are characterized by 
the presence of colloidal precipitates composed of 
ferrihydrite nanoparticles (Fig. 11b) and amorphous 
phases, which are the stable phases according to 
thermodynamic calculations. The presence of these 
minerals could be related to a possible “precursor” 
phase to the goethite formation (Schwertmann et al., 
1999) that due to its high surface reactivity tends 
to retain into the structure some potentially toxic 
elements. In fact, there is a clear distinction between 
the stalagmite, the stalactites, and the draperies 
(Table 1) in terms of chemical composition. All 
stalactites have a homogeneous composition 
concerning the major elements showing a strong 
enrichment of Fe and subordinate amounts of Si, Al, 
and P, whereas stalagmite samples contain only Fe as 
major element. Concerning minor and trace elements 
(Table 1), Cu is high in all the samples (although less 
in stalagmites) whereas only the soda-straw stalactites 
record a strong enrichment in Zn, Co, and Cd. These 
results suggest that poor and low crystalline goethite 
tends to retain into its structure more chemical 
elements than the well-crystallized one.
All these minothems are characterized by a layering 
around a hollow core, except for the VEL drapery; 
each layer is composed of a film of different thickness 
probably due to variable growth rates. The presence 
of the voids among the layering could be related 
Fig. 12. Eh-pH diagram for the sampled waters. Eh: oxidation-reduction 
potential; pH: acidity. The water samples fall in the ferrihydrite stability 
fields. Methodological details are reported in the text. MW and DW are 
mine water and drip water samples.
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either to the presence of colloidal and/or amorphous 
phases that tend to disappear when transformation 
into goethite takes place or to the presence of organic 
matter (high concentrations of P2O5 in some samples) 
which also decays and leaves the voids. Some aspects 
of this work are still unclear concerning the role of 
bacteria or other microbiological forms in constructing 
these minothems (Fig. 10). This might not be 
negligible, since microbial mediation in speleothem 
formation is especially important in environments 
with high concentration of metals (Tisato et al., 2015). 
According to the observations of Spear et al. (2007), 
Florea et al. (2011), and Gherman et al. (2014) on 
comparable speleothems, the microbial population 
promotes and contributes to the mineral precipitation 
on the biofilms in Fe-rich speleothems. 
CONCLUSIONS
Results from this study provide a detailed 
characterization of minothems formed in a particular 
environmental setting such as the Libiola Mine (eastern 
Liguria, Italy) in which Cu-sulfides are oxidizing.
This study has identified numerous minothem 
forms, such as soda straws, stalactites, draperies, 
stalagmites, columns, flowstones, jellystones, 
snottites, gours, pearls, rafts, and helictites. The 
large amount of secondary iron and copper minerals 
discovered is due to the oxidation of Fe-Cu sulfide 
minerals occurring in the surficial and underground 
mining area. The geochemical calculations are 
compatible with the mineralogical data: the presence 
of ferrihydrite is consistent with a possible precursor 
that however, tends to transform into goethite upon 
ageing. Goethite is the only mineral present in 
stalagmites, stalactites and draperies but its degree 
of crystallinity and the microtexture is quite different 
in each sample. This work demonstrates that there is 
an increase in crystallinity from stalactite to draperies 
to stalagmites and the passage from botryoidal form 
to massive aggregates indicates an ageing of goethite 
nanocrystals. The stalactite type samples have a 
faster growth compared to drapery types, while 
stalagmites grow more slowly. Further investigations 
are in progress in order to understand the role of 
microorganism in the minothem formation and 
the cause of the presence of voids between goethite 
layering. The occurrence of many different minothem 
forms, together with the extent of the weathering 
Fe-Cu sulfide developed on non-karst rocks make 
the Libiola Mine an important site for the study of 
minothems in acidic tunnels also for the possible 
implications to the mineralogical and biogeochemical 
study of extraterrestrial environments.
ACKNOWLEDGMENTS
We wish to thank the mine owner Arturo Corti for 
the permission and the participation to visit Santa 
Barbara level and for sampling. Moreover we wish 
to thank Christian Muzio and Stefano Camarda 
for having shared some minothem samples. This 
study was funded by MIUR – (Italian) Ministero 
dell’Istruzione, dell’Università e della Ricerca (PRIN-
COFIN 2010-2011): “Minerals-Biosphere Interaction: 
Environmental and Health Consequences”.
Bogdan P. Onac and three anonymous reviewers 
provided useful comments and welcome suggestions for 
improving the quality and content of this manuscript.
REFERENCES
Abbate E., Bortolotti V. & Principi G., 1980 - Appennine 
Ophiolites: a peculiar oceanic crust. Ofioliti Special 
Issue ‘‘Thethian Ophiolites: 1, western area’’, 1: 59-96.
Accornero M., Marini L., Ottonello G. & Zuccolini M., 
2005 - The fate of major constituents and chromium and 
other trace elements when acid waters from the derelict 
Libiola mine (Italy) are mixed with stream waters. 
Applied Geochemistry, 20: 1368-1380.
 http://dx.doi.org/10.1016/j.apgeochem.2005.03.001
Allison V.C., 1923 - The growth of stalagmites and 
stalactites. Journal of Geology, 31 (2): 106-125.
 http://dx.doi.org/10.1086/622988
Ara D., Sanna L., Rossi A., Galli E. & De Waele J., 
2013 - Minerali secondari in ambiente sotterraneo: la 
miniera dell’Argentiera (Sardegna nord-occidentale). 
In: Cucchi F. & Guidi P. (Eds.), Atti del XXI Congresso 
Nazionale di Speleologia “Diffusione delle conoscenze”, 
Trieste: 290-295.
Arnold T., Baumann N., Krawczyk-Barsch E., 
Brockmann S., Zimmermann U., Jenk U. & Weiß 
S., 2011 - Identification of the uranium speciation 
in an underground acid mine drainage environment. 
Geochimica et Cosmochimica Acta, 75: 2200-2212.
 http://dx.doi.org/10.1016/j.gca.2011.01.037
Baker A., Smith C.L., Jex C., Fairchild I.J., Genty D. 
& Fuller L., 2008 - Annually laminated speleothems: 
a review. International Journal of Speleology, 
37 (3): 193-206.
 http://dx.doi.org/10.5038/1827-806X.37.3.4
Banfield J.F., Welch S.A., Zhang H., Thomsen Ebert 
T. & Penn R.L., 2000 - Aggregation-based crystal 
growth and microstructure development in natural iron 
oxyhydroxide biomineralization products. Science, 
289: 751-754.
 http://dx.doi.org/10.1126/science.289.5480.751
Barton H.A. & Northup D.E., 2007 - Geomicrobiology in 
cave environments: past, current and future perspectives. 
Journal of Cave and Karst Studies, 69: 163-178.
Baskar S., Baskar R., Lee N., Kaushik A. & Theophilus 
P.K., 2008 - Precipitation of iron in microbial mats of 
the spring waters of Borra Caves, Vishakapatnam, 
India: some geomicrobiological aspects. Environmental 
Geology, 56: 237-243.
 http://dx.doi.org/10.1007/s00254-007-1159-y
Bethke C.M. & Yeakel S., 2014, The Geochemist’s 
Workbench. Release 7.0. Reference Manual. University 
of Illinois.
Bigham J.M., Schwertmann U., Traina S.J., Winland R.L. 
& Wolf M., 1996 - Schwertmannite and the chemical 
modeling of iron in acid sulfate waters. Geochimica et 
Cosmochimica Acta, 60: 2111-2121.
 http://dx.doi.org/10.1016/0016-7037(96)00091-9
Buerge-Weirich D., Hari R., Xue H., Behra P. & Sigg L., 
2002 - Adsorption of Cu, Cd, and Ni on goethite in the 
presence of natural groundwater ligands. Environmental 
Science and Technology, 36 (3): 328-336.
 http://dx.doi.org/10.1021/es010892i
Cabała J. & Bzowska G., 2008 - Sulphate speleothems 
in Pomorzany Zn–Pb ore mine, southern Poland. Kras i 
speleologia, 12 (21): 59-76.
182 Carbone et al.
International Journal of Speleology, 45 (2), 171-183. Tampa, FL (USA) May 2016 
Campbell W.R. & Barton P.B., 1996 - Occurrence and 
significance of stalactites within the epithermal deposits 
at Creede, Colorado. The Canadian Mineralogist, 
34: 905-930.
Carbone C., Di Benedetto F., Marescotti P., Martinelli A., 
Sangregorio C., Cipriani C., Lucchetti G. & Romanelli 
M., 2005 - Genetic evolution of nanocrystalline Fe oxide 
and oxyhydroxide assemblages from the Libiola Mine 
(eastern Liguria, Italy): structural and microstructural 
investigations. European Journal of Mineralogy, 
17: 785-795.
 http://dx.doi.org/10.1127/0935-1221/2005/0017-0785
Carbone C., Marescotti P., Lucchetti G., Martinelli A., 
Basso R. & Cauzid J., 2012 - Migration of selected 
elements of environmental concern from unaltered 
pyrite-rich mineralizations to Fe-rich alteration crusts. 
Journal of Geochemical Exploration, 114: 109-117.
 http://dx.doi.org/10.1016/j.gexplo.2012.01.003
Carbone C., Dinelli E., Marescotti P., Gasparotto G. & 
Lucchetti G., 2013 - The role of AMD secondary minerals 
in controlling environmental pollution: indications 
from bulk leaching tests. Journal of Geochemical 
Explorations, 132: 188-200.
 http://dx.doi.org/10.1016/j.gexplo.2013.07.001
Christophi C.A. & Axe L., 2000 - Competition of Cd, Cu, 
and Pb adsorption on goethite. Journal of Environmental 
Engineering, 126: 66-74.
 http://dx.doi.org/10.1061/(ASCE)0733-9372(2000) 
126:1(66)
Daza R. & Bustillo M.A., 2015 - Allophanic and ferric-
root-associated stalactites: biomineralization induced 
by microbial activity (Galeria da Queimada lava tube, 
Terceira, Azores). Geological Magazine, 152 (3): 504-520.
 http://dx.doi.org/10.1017/S0016756814000491
de los Rìos A., Bustillo M.A., Ascaso C. & Carvalho M.R., 
2011 - Bioconstructions in ochreous speleothems from 
lava tubes on Terceira Island (Azores). Sedimentary 
Geology, 236: 117-128.
 http://dx.doi.org/10.1016/j.sedgeo.2010.12.012
Dinelli E. & Tateo F., 2002 - Different types of fine-
grained sediments associated with acid mine drainage 
in the Libiola Fe-Cu mine area (Ligurian Apennines, 
Italy). Applied Geochemistry, 17: 1081-1092.
 http://dx.doi.org/10.1016/S0883-2927(02)00009-4
Dinelli E., Morandi N. & Tateo F., 1998 - Fine-grained 
weathering products in waste disposal from two 
sulphide mines in the northern Apennines, Italy. Clay 
Minerals, 33: 423-433.
 http://dx.doi.org/10.1180/000985598545723
Dinelli E., Lucchini F., Fabbri M. & Cortecci G., 2001 - 
Metal distribution and environmental problems related 
to sulfide oxidation in the Libiola copper mine area 
(Ligurian Apennines, Italy). Journal of Geochemical 
Exploration, 74: 141-152.
 http://dx.doi.org/10.1016/S0375-6742(01)00180-7
Fairchild I.J. & Baker A., 2012 – Speleothem science: 
form process to past environments. John Wiley & Sons. 
Oxford, UK. http://dx.doi.org/10.1002/9781444361094
Florea L.J., Noe-Stinson C.L., Brewer J., Fowler R., 
Kearns J.B. & Greco A.M., 2011 - Iron oxide and 
calcite associated with Leptothrix sp. biofilms within an 
estavelle in the upper Floridan aquifer. International 
Journal of Speleology, 40 (2): 205-219.
 http://dx.doi.org/10.5038/1827-806X.40.2.12
Frierdich A.J. & Catalano J.G., 2012 - Distribution and 
speciation of trace elements in iron and manganese 
oxide cave deposits. Geochimica et Cosmochimica 
Acta, 91: 240-253.
 http://dx.doi.org/10.1016/j.gca.2012.05.032
Frierdich A.J., Hasenmueller E.A. & Catalano J.G., 2011 
- Composition and structure of nanocrystalline Fe and 
Mn oxides cave deposits: implication for trace element 
mobility in karst systems. Chemical Geology, 284: 82-96.
 http://dx.doi.org/10.1016/j.chemgeo.2011.02.009
Galli M. & Penco A.M., 1996 - Le miniere di rame e di 
manganese della Liguria Orientale. Atti dell’Accad. 
Ligure di Sci. Lett., 53: 215–247
Gàzquez F., Rull F., Calaforra J. M., Venegas G., Manrique 
J. A., Sanz A., Medina J., Català-Espì A., Sansano A., 
Navarro R., Forti P., De Waele J. & Martinez-Frìas 
J., 2014 - Caracterización mineralógica y geoquímica 
de minerales hidratados de ambientes subterráneos: 
implicaciones para la exploración planetaria. Estudios 
Geologicos, 70 (2): e009.
 http://dx.doi.org/10.3989/egeol.41688.314
Gherman V.D., Boboescu I.Z., Pap B., Kondorosi E., 
Gherman G. & Maróti G., 2014 - An Acidophilic 
bacterial-archaeal-fungal ecosystem linked to formation 
of ferruginous crusts and stalactites. Geomicrobiology 
Journal, 31 (5): 407-418.
 http://dx.doi.org/10.1080/01490451.2013.836580
Hill C.A. & Forti P., 1997 - Cave minerals of the World. 
National Speleological Society, Huntsville, Alabama, 
USA, 463 p.
Hose L. D. & Pisarowicz J. A., 1999 - Cueva de Villa Luz, 
Tabasco, Mexico: reconnaissance study of an active 
sulfur spring cave and ecosystem. Journal of Cave and 
Karst Studies, 61 (1): 13-21.
Jamieson H.E., Robinson C., Alpers C.N., Nordstrom 
D.K., Poustovetou A. & Lowers H.A., 2005 - The 
composition of coexisting jarosite-group mineral and 
water from Richmond mine, Iron Mountain, California. 
The Canadian Mineralogist, 43: 1225-1242.
 http://dx.doi.org/10.2113/gscanmin.43.4.1225
Jebrak M., Marcoux E. & Fontaine D., 1996 - 
Hydrothermal silica-gold stalactites formed by colloidal 
deposition in the Citrotan epithermal deposit, Indonesia. 
The Canadian Mineralogist, 34: 931-938.
Jones D., Schaperdoth I. & Macalady J., 2010 - 
Metagenomics reveal structure and function of extremely 
acidic sulfur oxidizing cave wall biofilms. Geochimica et 
Cosmochimica Acta, 74 (12): 479-479. 
Kasama T. & Murakami T., 2001 - The effect of 
microorganisms on Fe precipitation rates at neutral pH. 
Chemical Geology, 180: 117-128.
 http://dx.doi.org/10.1016/S0009-2541(01)00309-6
Kawano M. & Tomita K., 2001 - Geochemical modeling 
of bacterially induced mineralization of schwertmannite 
and jarosite in sulfuric acid spring water. American 
Mineralogist, 86: 1156-1165.
 http://dx.doi.org/10.2138/am-2001-1005
Kooner Z.S., 1993 - Comparative study of adsorption 
behavior of copper, lead, and zinc onto goethite in 
aqueous systems. Environmental Geology, 21: 242-250.
 http://dx.doi.org/10.1007/BF00775914
Majzlan J., Navrotsky A. & Schwertmann U., 2004 - 
Thermodynamics of iron oxides: Part III. Enthalpies 
of formation and stability of ferrihydrite (Fe(OH)3), 
schwertmannite (FeO(OH)3/4(SO4)1/8), and α-Fe2O3. 
Geochimica et Cosmochimica Acta, 68: 1049–1059.
 http://dx.doi.org/10.1016/S0016-7037(03)00371-5
Marescotti P., Carbone C., Comodi P., Frondini F. 
& Lucchetti G., 2012 - Mineralogical and chemical 
evolution of ochreous precipitates from the Libiola 
Fe–Cu-sulﬁde mine (Eastern Liguria, Italy). Applied 
Geochemistry, 27: 577-589.
 http://dx.doi.org/10.1016/j.apgeochem.2011.12.024
183Iron-oxide minothems at Libiola Mine
International Journal of Speleology, 45 (2), 171-183. Tampa, FL (USA) May 2016
Marini L., Saldi G., Cipolli F., Ottonello G. & Vetuschi 
Zuccolini M., 2003 - Geochemistry of water discharges 
from the Libiola mine, Italy. Geochemical Journal, 37: 
199-216. http://dx.doi.org/10.2343/geochemj.37.199
McFarlane D.A., Lundberg J. & Belton F., 2004 - An 
unusual lava cave from Ol Doinyo Lengai, Tanzania. 
Journal of Cave and Karst Studies, 66: 98-101.
Nordstrom D.K., Alpers C.N., Ptacek C.J. & Blowes D.W., 
2000 - Negative pH and extremely acidic mine waters 
from Iron Mountain California. Environmental Science 
Technology, 34: 254-258.
 http://dx.doi.org/10.1021/es990646v
Northup D.E. & Lavoie K.H., 2001 - Geomicrobiology of 
caves: a review. Geomicrobiology Journal, 18: 199-222.
 http://dx.doi.org/10.1080/01490450152467750
Onac B.P. & Forti, P., 2011 - State of the art and challenges 
in cave minerals studies. Studia UBB Geologia, 56: 33-42.
 http://dx.doi.org/10.5038/1937-8602.56.1.4
Onac B.P., Mylroie J.E. & White W.B., 2001 - Mineralogy 
of cave deposits on San Salvador island, Bahamas. 
Carbonates and Evaporites, 16: 8-16.
 http://dx.doi.org/10.1007/BF03176222
Onac B.P., Fornós J.J., Merino A., Ginés J. & Diehl 
J., 2014 – Linking mineral deposits to speleogenetic 
processes in Cova des Pas de Vallgornera (Mallorca, 
Spain). International Journal of Speleology, 43 (2): 
143-157. http://dx.doi.org/10.5038/1827-806X.43.2.4
Onac B.P., Veres D.S., Kearns J., Chirienco M., Minut 
A. & Breban R., 2003 – Secondary sulfates found in 
an old adit from Roşia Montană, Romania. Studia UBB 
Geologia, 48 (1): 29- 44.
 http://dx.doi.org/10.5038/1937-8602.48.1.3
Perrette Y. & Jaillet S., 2010 - Spatial distribution of soda 
straws growth rates of the Coufin Cave (Vercors, France). 
International Journal of Speleology, 39 (2): 61-70.
 http://dx.doi.org/10.5038/1827-806X.39.2.2
Peterson R.C., 2003 - The relationship between Cu content 
and distortion in the atomic structure of melanterite from 
the Richmond mine, Iron Mount`ain, California. The 
Canadian Mineralogist, 41: 937-949.
 http://dx.doi.org/10.2113/gscanmin.41.4.937
Piccardo G. B., 2016 - Evolution of the lithospheric mantle 
during passive rifting: Inferences from the Alpine–
Apennine orogenic peridotites. Gondwana Research. 
 http://dx.doi.org/10.1016/j.gr.2016.03.001
Piccardo G.B., Rampone E. & Romairone A., 2002 - 
Formation and composition of the oceanic lithosphere 
of the Ligurian Tethys: inferences from the Ligurian 
ophiolites. Ofioliti, 27: 145-161.
Ponthieu M., Juillot F., Hiemstra T., van Riemsdijk W.H. 
& Benedetti M.F., 2006 - Metal ion binding to iron oxides. 
Geochimica et Cosmochimica Acta, 70: 2679-2698.
 http://dx.doi.org/10.1016/j.gca.2006.02.021
Schwertmann U., Friedl J. & Stanjek H., 1999 - From 
Fe(III) ions to ferrihydrite and then to hematite. Journal 
of Colloidal Interface Science, 209: 215-223.
 http://dx.doi.org/10.1006/jcis.1998.5899
Spear J.R., Barton H.A., Robertson C.E., Francis C.A. 
& Pace N.R., 2007 - Microbial community biofabrics in 
a geothermal mine adit. Applied and Environmental 
Microbiology, 73 (19): 6172-6180.
 http://dx.doi.org/10.1128/AEM.00393-07
Tisato N., Torriano S.F.F., Monteux S., Sauro F., De 
Waele J., Tavagna M.L., D’Angeli I.M., Chailloux D., 
Renda M., Eglinton T.I. & Bontognali T.R.R., 2015 - 
Microbial mediation of complex subterranean mineral 
structures. Scientific Reports, 5: article 15525.
 http://dx.doi.org/10.1038/srep15525
Tuccimei P., Giordano G. & Tedeschi M., 2006 - CO2 
release variations during the last 2000 years at the Colli 
Albani volcano (Roma, Italy) from speleothems studies. 
Earth and Planetary Science Letters, 243: 449-462.
 http://dx.doi.org/10.1016/j.epsl.2006.01.009
Wolery T., 1992 - EQ3NR, A Computer Program for 
Geochemical Aqueous Speciation-solubility Calculations: 
Theoretical Manual, users Guide and Related 
Documentation (version 7.0). Report UCRL-MA-110662 PT 
III. Lawrence Livermore National Laboratory, Livermore.
Yu J., Heo B., Choi I., Cho J. & Chang H., 1999 - Apparent 
solubilities of schwertmannite and ferrihydrite in natural 
stream waters polluted by mine drainage. Geochimica 
et Cosmochimica Acta, 63: 3407-3416.
 http://dx.doi.org/10.1016/S0016-7037(99)00261-6
Zaccarini F. & Garuti G., 2008 - Mineralogy and chemical 
composition of VMS deposits of northern Apennine 
ophiolites, Italy: evidence for the influence of country 
rock type on ore composition. Mineralogy and Petrology, 
84: 61-83.
 http://dx.doi.org/10.1007/s00710-008-0010-9
